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3ABSTRACT
The objective of this thesis was to study the involvement of 
exogenous factors in neuronal development, using tissue culture 
techniques. The involvement was examined of such factors in the 
induction of fibre outgrowth from chicken ciliary and nerve growth 
factor-insensitive dorsal root ganglia (DRG), maintenance of choline 
acetyltransferase (CAT) in chicken ciliary ganglia and induction of a 
cholinergic phenotype in the normally adrenergic rat superior cervical 
ganglia (SCG) in vitro.
A variety of conditioned media and media containing tissue extracts 
(extract media) were found to induce fibre outgrowth and maintain CAT 
activity in cultured ciliary ganglia. The optimal culture conditions 
which result in this induction and maintenance by cardiac extract 
medium have been defined.
The factors affecting the ciliary, DRG and SCG development were 
compared by examining the relative potencies of a variety of extract 
media, prepared from different tissues and species, and the relative 
chromatographic properties of the factors. From these studies it was 
concluded that:- 1. The factor maintaining CAT in the ciliary ganglion 
does not induce fibre outgrowth in either the ciliary or DRG and is 
without effect on the SCG; 2. The factor inducing fibre outgrowth from 
the ciliary ganglion may also induce fibre outgrowth in the DRG and be 
involved in the induction of CAT in the SCG; 3. There are at least two 
and possibly three factors involved in regulating CAT and TH induction 
in the SCG; 4. None of the above putative factors is nerve growth
factor.
4The induction of CAT in the SCG could be prevented by inclusion 
of physiological levels of glucocorticosteroids, but not other steroids, 
in the cultured medium. The glucocorticosteroids appeared to prevent 
the induction of cholinergic properties by determining the SCG. 
Adrenalectomy of immature rats did not result in the development of 
a cholinergic SCG in vivo. Thus, while the absence of circulating 
glucocorticosteroids may contribute to the anomalous cholinergic 
development of immature SCG in vitro it is not the sole reason for 
this phenomenon.
5ABBREVIATIONS
-Ca-Mg BSS -calcium and magnesium basic salt solution
CAT choline acetyltransferase
DMEM Dulbecco’s modified essential medium
DRG dorsal root ganglion
Hanks BSS Hanks basic salt solution
HEPES N -2-hydroxyethypiperazine-N -2-ethanesulphonic acid
LMC lateral motor column
NGF nerve growth factor
NGF-As nerve growth factor antiserum





A. Neuronal differentiation and determination
The vertebrate neural crest is a transient embryonic structure 
originating after the closure of the medullary plate. Neural crest 
cells are able to differentiate into a diversity of cellular phenotypes 
(Weston, 1970) and are the scource of neuroblasts to the sympathetic 
(Detwiler, 1937; Hammond and Yntema, 1947), parasympathetic 
(Campenhout, 1946), enteric (Yntema and Hammond, 1945; Le Douarin 
and Teillet, 1973) and sensory ganglia (Weston, 1963). Additionally, 
neural crest cells differentiate into glia (Weston, 1970), neuroendocrine 
cells such as the adrenal medullary and parafollicular cells (Le Douarin 
and Le Lievre, 1970), melanocytes and various elements of skeletal and 
connective tissue (Weston, 1970).
The neural crest cells contributing to any tissue originate from 
specific axial levels. For instance, enteric ganglia are derived from 
two regions of the neural axis, the vagal region (between somites 1 to 
7) and the lumbosacral region (behind the 28th somite) (Le Douarin and 
Teillet, 1974). The cervico-dorsal crest (between somites 8 to 28) 
gives rise to the orthosympathetic chains and plexus (Le Douarin and 
Teillet, 1973), while the adrenomedullary paraganglion is derived from 
cells between somites 18 to 24 (adrenomedullary region) (Teillet 
and Le Douarin, 1974).
During development neural crest cells migrate to the organ they 
occupy in mature animals by well defined pathways. The migration is 
in two streams, a dorsolateral and a ventral stream (Weston, 1963).
The dorsolateral stream migrates just beneath or within the epidermal 
ectoderm and becomes uniformly and unsegmentally distributed within 
the ectodermal layer. The ventral stream migrates between the neural
8tube and the myotome and into the somitic mesenchyme where it divides 
segmentally, migrating further within the somites than between them 
(Detwiler, 1937; Weston, 1963; Johnston, 1966).
There are a number of inductive influences which are responsible 
for the differentiation and determination of neurones from neural crest 
cells and these influences may occur at different stages of development. 
Firstly, neural crest cells may be determined to express specific 
phenotypes prior to the onset of migration, either as a result of 
primary induction during the formation of the neural crest or as the 
result of exposure to diffusible or circulating inducers from surrounding 
tissues. Secondly, the neural crest cells may be induced during their 
migration as a result of interaction with other cells on or near their
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migratory pathway or, equally important, as a result of migration away 
from potential inducers. Lastly, the tissue surrounding the site of 
termination of migration may contain the principal inducer cells. In 
the case of neuronal differentiation the position of axon terminals may 
be as important as the position of the perikarya. Temporal factors may 
also play an important role in regulating neural crest differentiation 
as the neural crest is formed in an anterior to posterior sequence with 
emigration from it, at any given axial level, taking only 12 to 15 
hours (Weston and Butler, 1966).
Most neural crest cells are undetermined prior to their migration 
and are capable of expressing different phenotypes in response to 
different environments. For instance, the axial position of a 
neural crest cell is important in specifying the developmental fate 
of that cell. When labelled neural crest cells from one axial level 
are grafted into a host's neural tube at a different axial level then 
most of the cells follow the migratory pathway, and differentiate into
9cells, which are characteristic of the host’s axial level rather 
than the donor's axial level (Weston, 1970; Noden, 1975; Le Douarin 
et al.3 1975). When "adrenomedullary" level neural crest cells, for 
instance, are transplanted into a host at the vagal level they migrate 
into the splanchnic mesoderm and give rise to enteric ganglia; whereas, 
in normal development the "adrenomedullary" level neural crest cells 
do not penetrate into the gut (Le Douarin and Teillet, 1974).
Furthermore, neural crest cells can be induced to express 
different phenotypes in vitro by different culture conditions (Cowell 
and Weston, 1970). For instance, chicken embryo extract promotes the 
induction of pigment cells (Maxwell, 1976), horse serum promotes 
neural induction (Greenberg and Schrier, 1977) and surface interaction 
with pigmented epithelium promotes chondrogenesis (Newsome, 1976).
It should be noted that although these studies indicate the 
majority of neural crest cells are undetermined prior to their migration, 
they do not exclude the possibility that neural crest cells are exposed 
to important inductive influences during this stage of development.
Indeed this seems likely since a small number of cells appear to be 
already determined prior to their migration. When vagal neural crest 
cells are transplanted into the trunk region of a host a few cells 
migrate to the gut and are incorporated in the host's enteric ganglia, 
their normal developmental fate, while the majority of the transplanted 
cells give rise to sensory neurones, adrenergic ganglia and adreno­
medullary cells, the normal developmental fate for trunk region cells 
(Le Douarin and Teillet, 1974). This determination of neural crest 
cells prior to migration has also been observed for melanocyte migration, 
parasympathetic ganglion and cephalic mesenchyme formation (Twitty, 1945; 
Le Douarin and Teillet, 1974; Noden, 1978).
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Neural crest cells are subjected to inductive influences during 
their migration. In particular, the induction of neural crest cells 
into adrenergic sympathetic neuroblasts is thought to result from 
the movement of ventrally migrating neural crest cells across the 
somitic mesoderm, under the influence of the neural tube and notochord 
(Weston and Butler, 1966).
Adrenergic properties can be first detected in sympathetic 
neuroblasts as they aggregate to form sympathetic ganglia primordia 
(Allan and Newgreen, 1977; Cochard et at. 3 1978, 1979). At this 
time catecholamines and tyrosine hydroxylase can be detected in cells 
around the dorsal aorta, an apparently ectopic position, suggesting 
that the cue for expression of adrenergic properties occurs during the 
migration of the neuroblasts rather than during the condensation into 
a ganglion (Cochard et al.} 1979).
Cohen, A.M. (1972) studied the influence of the migratory pathway 
on sympathetic neuroblast induction by culturing neural tube and parts 
of the associated tissue on the chorioallantoic membrane of host 
embryos. The development of fluorescence in these explants required 
the presence of somitic mesoderm, the tissue through which presumptive 
adrenergic neuroblasts migrate, but not the ventral half of the axial 
trunk, which contains the normal final site of sympathetic ganglia.
In vitro the influence of competent somitic mesoderm (mesoderm which has 
been induced by the ventral neural tube) on neural crest cells depends 
on a direct contact between the two tissues, suggesting the involvement 
of surface active molecules (Norr, 1973). In these cultures the 
production of catecholamine fluorescent cells was inversely correlated 
with the number of pigmented cells (Norr, 1973), suggesting that the 
production of the catecholamine fluorescent cells was by induction of
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p l u r i p o t e n t  c e l l s  r a t h e r  than  th e  m a tu r a t i o n  o f  a de te rm ined  sub-  
p o p u la t i o n  o f  n e u r a l  c r e s t  c e l l s .  A c a u t io n a r y  n o te  i s  r e q u i r e d ,  
however,  as the  appea rance  o f  ca techo lam ine  f l u o r e s c e n t  c e l l s  may not  
be a r e l i a b l e  i n d i c a t i o n  o f  th e  i n d u c t i o n  o f  n e u r a l  c r e s t  c e l l s  t o  
a d r e n e rg i c  n e u r o b l a s t s .  During development ca techo lam ines  a re  thought 
to  p la y  an im p o r ta n t  r o l e  as developmenta l  i n d u c e r s ,  which i s  
independen t  o f  t h e i r  f u n c t i o n  as n e u r o t r a n s m i t t e r s  (McMahon, 1974),  
and a d r e n e r g i c  p r o p e r t i e s  have been  d e t e c t e d  i n  non -neurona l  c e l l s  
d u r in g  development .  For i n s t a n c e ,  n o r a d r e n a l i n e  and a d r e n a l i n e  have 
been d e t e c t e d  i n  a n e u r a l  sea  u r c h in  embryos (Bunznikov e t  a l , 3 1968) 
and th e  yo lk  o f  ch icken  eggs ( I g n a r r o  and Shideman, 1968a).
Catecho lamines  from th e  l a t t e r  sou rce  a r e  accumula ted  by such t i s s u e s  
as th e  h e a r t  p r im ord ia  by p a s s i v e  d i f f u s i o n  ( I g n a r r o  and Shideman,
1968a, b ) .
Although i t  i s  l i k e l y  t h a t  competent s o m i t i c  mesoderm i s  invo lved  
in  the i n d u c t i o n  o f  a d r e n e r g i c  p r o p e r t i e s  i n  n e u r a l  c r e s t  c e l l s  i t  i s  
u n l i k e l y  to  be t h e  s o l e  i n d u c t i v e  source  f o r  a d r e n e rg i c  n e u r o b l a s t s  
in  v ivo.  Catecholamine f l u o r e s c e n t  neurones  can be d e t e c t e d  in  c u l t u r e s  
o f  n e u r a l  c r e s t  c e l l s  i n  t h e  absence  o f  competent  s o m i t i c  mesoderm, 
s u g g e s t i n g  t h a t  some n e u r a l  c r e s t  c e l l s  may have a p r e d i s p o s i t i o n  to  
become a d r e n e rg i c  p r i o r  t o  t h e i r  m i g r a t i o n  (Cohen, A.M., 1977).  The 
p o s s i b i l i t y  t h a t  th e  c o l l a g e n  s u r f a c e  used in  t h e s e  c u l t u r e s  mimics t h e  
in d u c e r  on competent  s o m i t i c  mesoderm needs t o  be e l i m i n a t e d .
While t h e  m ig ra to ry  pathway i s  invo lved  i n  a d r e n e rg i c  development 
i t  i s  no t  e s s e n t i a l  f o r  c h o l i n e r g i c  e n t e r i c  g a n g l i a  f o rm a t io n .  When 
a l l  p o s s i b l e  m ig ra to ry  i n f l u e n c e s  a r e  p r e v e n te d  by t r a n s p l a n t i n g  n e u r a l  
c r e s t  c e l l s  d i r e c t l y  i n t o  a n e u r a l  h in d g u t  mesoderm, and then  c u l t u r i n g  
t h i s  mesoderm on t h e  c h o r i o - a l l a n t o i c  membrane, normal i n t r i n s i c  p le x u ses  
a r e  s t i l l  formed (Le Douarin and T e i l l e t ,  1974).  The e n t e r i c  g a n g l i a
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thus formed were always non-fluorescent with significant levels of 
choline acetyltransferase, even when the neural crest cells were 
derived from an 'adrenergic' axial level (Le Douarin and Teillet, 1974; 
Smith et al.3 1977).
Even after the formation of a ganglionic complex many para­
sympathetic neuroblasts retain an ability to express different phenotypes 
in response to different environments. When newly formed ciliary 
ganglia, in which some neurones already have a limited capacity to 
synthesise acetylcholine, are grafted into younger embryos at the trunk 
neural crest level, the ganglionic cells migrate and differentiate into 
cells characteristic of the trunk neural crest. These include 
adrenergic ganglia, the suprarenal gland, enteric ganglia and various 
non-neuronal cells (Le Douarin et al. 3 1978). Similar phenomena also 
occur in tissue culture. Immature dorsal root ganglion (DRG) cells 
will differentiate into melanocytes in vitvo (Cowell and Weston, 1970), 
and the normally adrenergic neurones of the superior cervical ganglion 
(SCG) can be induced to differentiate into a cholinergic phenotype under 
certain culture conditions (Patterson, 1978; Bunge et al.3 1978) (see 
Chapter Five for a more extensive discussion of this phenomenon).
In summary, the differentiation of a neural crest cell is influenced 
by its cellular environment. Migration of neural crest cells plays an 
important role during this differentiation in that it defines the 
inductive influences to which the neural crest cells will be exposed.
Most neural crest cells maintain a pluripotentiality (in that they are 
capable of expressing different cellular phenotypes in response to 
different cellular environments) until after they reach their final 
position in the embryo. However, in vivo they are probably effectively 
determined at this stage as a result of their migration away from
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potential inducers. Inductive influences have been shown to occur 
before, during, and after migration, although the differentiation of 
a given phenotype may be occurring only at one or two of these stages. 
For instance, adrenergic sympathetic neurones appear to be influenced 
by inducers before and during migration, and can develop in the absence 
of their normal final position, whereas cholinergic and enteric neurones 
can develop without interaction with their migratory pathway and receive 
inducing influences before and after migration.
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B. Neuronal cell death and maturation
After a neurone has reached its final position in the embryo and 
mitosis has ceased, it extends an axon and interacts with the environ­
ment around the tissue which it innervates. This interaction appears 
to be important for the subsequent maturation and survival, or death, 
of the neurone.
An overpopulation and subsequent cell loss is a common feature of 
developing cell populations (Glucksmann, 1951; Lockshin and Beaulton, 
1974). This phenomenon appears to be ubiquitous in developing nervous 
systems, having been detected in peripheral and central centres and 
across phylogenetic lines (Prestige, 1970, 1974; Jacobson, 1978). For 
instance, there is a 50% reduction in the number of chicken ciliary 
ganglion neurones during stages 35 to 39 of the developing chicken 
embryo (Landmesser and Pilar, 1974b) and a 75% reduction in the number 
of ventral horn cells in Xenopus laevis during development (Hughes, 
1961). The number of degenerating neurones is maximal during this 
period suggesting that the reduction in cell numbers results from cell 
death (Hughes, 1961; Bibb, 1978).
The phase of cell death is temporally correlated with the period 
of synaptogenesis and, in general, appears to be related to the size 
of the peripheral field (Prestige, 1970). Decreasing the size of the 
peripheral field by ablation of the target tissue (Beaudoin, 1955; 
Jacobson, 1978) increases the extent of the cell death. For instance, 
in the absence of their target tissue 92% of chicken ciliary ganglion 
neurones die during stages 35 to 39 whereas only 50% die in the normal 
animal (Landmesser and Pilar, 1974b) . Conversely, increasing the size 
of the peripheral field by decreasing the number of innervating 
neurones (Bibb, 1977; Burstein, 1977) or addition of supernumerary
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limbs (Hollyday and Hamburger, 1976) causes a neuronal hyperplasia.
In the cervical motor column of the chicken embryo the hyperplasia 
resulting from an increased peripheral field can be explained solely 
on the basis of a reduction in normally occurring cell death (Hollyday 
and Hamburger, 1976). However, an increased proliferation of neurones, 
as well as a decreased cell death, appears to be involved in the 
hyperplasia of spinal ganglia of Rana pipiens (Bibb, 1978).
During development an excess of axons attempts to innervate any 
tissue. The trochlear nerve of an immature Peking duck, for instance, 
contains 30 times as many fibres as that of a mature duck. As there 
is only a 42% loss of trochlear cells during development this excess 
must be due to an overproduction of both neurones and axons per neurone 
(Sohal and Weidman, 1978). The excess axon production appears to be 
regulated by the target tissue as in the trochlear nerve of normal 
Peking duck embryos the axon to neurone ratio, on day 12 of incubation, 
is 20 to 1 whereas it is 1 to 1 in the absence of the peripheral field 
(Sohal et al.3 1978).
An overproduction and subsequent elimination of immature synapses, 
resulting in a decrease in motor unit size, also occurs during development 
(Redfem, 1970; Bagust et al.3 1973; Conradi and Ronnevi, 1975; Zelena, 
1976). For instance, 73% of endplates in the soleus muscle of 11 day old 
rats have three or more axon terminals, whereas in 26 day old rats this 
poly-innervation is virtually absent, with only 2% of endplates having 
more than one axon terminal (Riley, 1977). The loss of poly-innervation 
appears to be unrelated to neuronal cell death. In chicken muscle 
loss of poly-innervation occurs after neuronal cell death is complete 
(Oppenheim and Major-Willard, 1978), and in the submandibular ganglion 
of neonatal rats the degree of poly-innervation is increasing during 
the period in which the number of axons is decreasing, presumably as a 
result of cell death (Litchman, 1977).
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The phenomenon of neuronal cell death during development has been 
postulated to occur as a result of competition for a limited supply of 
synaptic sites or trophic substances (Hamburger, 1958; Landmesser and 
Pilar, 1976). This contention is supported by the inverse correlation 
between the size of the peripheral field, and thus presumably the 
availability of synaptic sites and trophic substances, and the extent 
of cell death, and by observations which suggest that many of the 
neurones which are eliminated during development are biochemically 
competent and have made appropriate synapses* prior to their death.
The best demonstration of this phenomenon comes from studies by 
Landmesser and Pilar on the development of the chicken ciliary ganglion. 
They found that all neurones of this ganglion, including those which 
die, undergo a peripheral field-dependent maturation to a secretory 
state, characterised by a large increase in the formation of polyri­
bosomes and rough endoplasmic reticulum (Pilar and Landmesser, 1976).
All neurones, with axons in the postganglionic trunk, receive functional 
innervation, and inappropriate synapses by the preganglionic nerve could 
not be detected (Landmesser and Pilar, 1974a). Similarly, the majority 
of chicken (Landmesser and Morris, 1975; Oppenheim and Chu-Wang, 1977; 
Landmesser, 1978) and Xenopus laevis (Lamb, 1976) motoneurones do not 
appear to form inappropriate synapses prior to cell death. Furthermore, 
that many of the neurones which die are biochemically competent, prior 
to their elimination, is implicit in the observation that cell death 
is decreased when the peripheral field size is increased.
1. In this context a synapse is said to be appropriate if it is with a 
target tissue which is physiological in the adult.
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Formation of inappropriate synapses does, however, occur during 
development. The initial, but not subsequent, projection of motor 
axons in Xenopus leavis is to the mesenchyme nearest to their point of 
entry. Thus, the presumptive knee flexor muscles during early limb 
bud formation receives innervation from the entire lumbar lateral 
motor column (LMC). All neurones contributing to this projection 
subsequently die and the muscle is reinnervated by neurones in the more 
rostral region of the LMC (Lamb, 1976, 1977). The death of the early 
projecting neurones is not due to some type of competition for the 
flexor muscles as removal of the rostral region of the LMC does not 
prevent the loss of innervation from the caudal region (Lamb, 1979).
A similar incorrect innervation of the flexor muscle of Ambystoma 
mexicana also occurs during initial innervation (McGrath and Bennett, 
1979).
The loss of poly-innervation and reduction in motor unit size, in 
contrast to neuronal cell death, does not appear to be related to a 
limited supply of synaptic sites or trophic substance since surgical 
removal of all but a few motor axons to the soleus muscle of a rat pup 
slows but does not prevent the loss of poly-innervation and reduction 
in motor unit size, even though some muscle fibres are left uninnervated 
(Brown et at., 1976).
As the neurone matures the nature of its dependence on its 
peripheral field varies. Initially, neuronal development is independent 
of the target tissue. Up to stage 34, chicken ciliary neurones will 
survive, extend axons and maintain immature synapses with the 
preganglionic trunk in the absence of its peripheral field (Landmesser 
and Pilar, 1974a). When mature, however, these neurones depend upon an 
interaction with their target tissue to survive and maintain synapses
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with the preganglionic trunk (Marwitt et dl.3 1971; Pilar and 
Landmesser, 1972). Furthermore, in vitro studies indicate that the 
sensitivity of these neurones to acetylcholine is also regulated by 
the target tissue (Pilar et al.3 1979). The development of neuronal 
dependency on its target tissue has been characterised into three 
stages (Prestige, 1970; Fortune and Blacker, 1976). Prior to the 
stage of normal motoneurone death, in the toad, ablation of the target 
tissue results in the cessation of neuronal maturation, but cell death 
does not occur until the stage of normal cell death has been reached 
(Hughes and Tschumi, 1958). Indeed, if metamorphosis is prevented by 
hypophysectomy the neurones will survive indefinitely in the absence 
of their peripheral field (Race, 1961). The morphological changes 
associated with the death of these peripherally deprived neurones 
differs from that observed during normal cell death (Decker, 1978)
(for similar observations in the chicken ciliary ganglion see Pilar 
and Landmesser, (1976)). During the stage of normal cell death, ablation 
of the target tissue causes immediate cell death which is morphologically 
indistinguishable from normal cell death (Decker, 1978). After the 
stage of normal cell death, ablation of the target tissue causes only 
a small immediate cell loss followed by a slow decline in neuronal 
numbers (Hughes and Tschumi, 1958).
Neuronal activity, or the associated muscle contractions, appears 
to be essential for the loss of excess motoneurone innervation to occur. 
Blockade of cholinergic receptors on muscle with d-tubocurarine 
(Oppenheim et al.3 1978; Pittman and Oppenheim, 1978), a-bungarotoxin 
(Olek and Edwards, 1978; Creazzo and Sohal, 1978; Laing and Prestige, 
1978), botulinum or a-cobratoxin (Pittman and Oppenheim, 1978), prior 
to the period of normal cell death, increases the survival of motoneurones. 
Administration of a-bungarotoxin after the period of cell death causes
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no effect (Laing and Prestige, 1978; Olek and Edwards, 1978).
Furthermore, nerve stimulation increases (O'Brien et al.3 1978), and 
decreased neuronal activity slows down (Benoit and Changeux, 1975), the 
rate at which poly-neuronal innervation of muscle is lost.
These results suggest that muscle is directly involved in the 
destruction of excess motoneurone production. Muscle could achieve 
this by the release of neurotoxic substances or by withdrawing support, 
such as synaptic sites or trophic substances, to part of its innervation. 
An active destruction of the excess innervation by muscle is supported 
by ablation studies. Removal of the limb bud of Xenopus laevis3 late 
in the period of cell death, slows but does not prevent cell loss 
(Hughes, 1974). Clearly, however, active neuronal destruction by the 
target tissue cannot be the major cause of cell death, otherwise ablation 
of the target tissue would decrease rather than increase cell death.
The mechanism by which cholinergic stimulation of muscle can alter 
its ability to maintain synapses has not been determined. Electrical 
activity of the innervating nerve is essential to suppress the 
appearance of extrajunctional receptors in developing (Braithwaite and 
Harris, 1979) or mature muscle (Edward, 1979). It is possible that 
depolarisation of the muscle membrane induces the aggregation of some 
membrane component(s), which are involved in the association of nerve 
terminals with muscle, and thereby decreases the number of synaptic 
sites on, or release of trophic substances by, the muscle. That 
stimulation of muscle decreases its ability to form synapses is 
supported by studies using adult animals. When the muscle is paralysed 
with botulinum toxin (Fex et al. 3 1966) or local anaesthetics (Jansen 
et al.3 1973) it will accept innervation from a foreign motor nerve 
even though the old innervation is still present. Direct electrical
20
Stimulation of the paralysed muscle, however, will maintain the muscle 
in a refractory state (Jansen et al.3 1973). Furthermore, botulinum 
toxin or a-bungarotoxin poisoning will induce sprouting in mature 
motor nerves (Duchen, 1970; Pestronk and Drachman, 1978). Alternatively, 
cholinergic stimulation of neuromuscular activity has been reported to 
cause the release, by muscle, of proteolytic enzymes and these enzymes 
have been postulated to digest and eliminate poorly competing 
terminals (O’Brien et al.3 1978).
In summary, during development there is an excess innervation of 
target tissues involving an overproduction of neurones, axons and 
synapses. All neurones interact with their target tissue and this 
interaction appears to be responsible for the overproduction of axons.
The subsequent elimination of this excess possibly involves a neuronally 
mediated reduction in the number of synaptic binding sites on the target 
tissue which, coupled with an increased dependency of the neurone on 
a close association with its target tissue, results in the death of 
neurones which compete unsuccessfully for the occupancy of these sites.
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C. Nerve growth factor
Although it has been known for over fifty years that the peripheral 
field effects neuronal maturation the mechanisms by which the peripheral 
field and the developing neurone interact are poorly understood. The 
little that is known can be attributed to the study of the action of 
one remarkable protein, nerve growth factor (NGF).
The physiological role of NGF is presumed to be the mediation of 
neuronal-target tissue interactions. It appears to be involved in 
the regulation of neuronal cell death, fibre outgrowth and the biochemical 
maturation of immature sympathetic and sensory neurones. Despite 
extensive studies the nature of the involvement of NGF in these 
processes, particularly in vivo3 is still sketchy and the investigation 
of the intracellular mechanism by which NGF exerts its influence on 
receptive neurones is but in its infancy. The physicochemical properties 
of NGF, however, are now well characterised.
Mouse salivary gland NGF is a complex of three proteins with a 
molecular weight of 140,000 dalton (Varon et at. 3 1967). This complex 
has been designated 7S NGF on the basis of its sedimentary coefficient, 
and the subunits have been designated a, ß and y (Varon et at.3 1968).
The stoichiometry of the complex is ß (Greene et at. 3 1971) and 
1 - 2  Zn^+ (Pattison and Dunn 1975, 1976a).
All the nerve growth promoting activity of NGF resides in the ß 
subunit of the complex (Varon et al.3 1968). This subunit has a molecular 
weight of 26,518 dalton and consists of two identical 118 amino acid- 
containing polypeptides, linked by non-covalent interactions (Angeletti, 
R.H. et at. s 1971, 1973b). Each chain of ß-NGF is thought to be derived 
from a pro-B-NGF with a molecular weight of 22,000 dalton (Berger, E.A. 
and Shooter, 1977). During isolation of 3-NGF a limited proteolysis
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occurs with the loss of eight amino acids from the amino terminal and 
one from the carboxy terminal (Angeletti, R.H. et at. 3 1973b; Moore 
et at.3 1974). This molecular species has been designated 2.5S NGF 
(Bocchini and Angeletti, P.U. 1969). The extent of such cleavage 
varies with the method of purification. No differences have been 
observed, however, in the biological actions of ß- and 2.5S NGF 
(Mobley et a7.jl976). The amino acid sequence of ß-NGF has been 
determined (Angeletti, R.H. and Bradshaw, 1971; Angeletti, R.H. 
et at.3 1973a, b; Mobley et al.3 1974), and has a structural relatedness 
to pro-insulin, relaxin and non-suppressible insulin-like activity, 
suggesting that these proteins have evolved from a common precursor 
(Frazier et at.3 1972; Rinderknecht and Humbel, 1976; James, R. 
et at. 3 1977).
The y subunit of NGF is a family of five closely related proteins 
with a molecular weight of 26,000 dalton (Stach et at.3 1976). y-NGF 
is an arginyl-estero-peptidase (Greene et at. 3 1968), the physiological 
function of which appears to be the conversion of pro-3-NGF to ß-NGF 
(Berger, E.A. and Shooter, 1977). After cleavage of pro-ß-NGF, y-NGF 
has been postulated to remain bound to the C terminal of ß-NGF and to 
combine with y-NGF to give the 7S NGF complex (Berger, E.A. and Shooter, 
1977). While in this complex the enzyme activity of y-NGF is inhibited 
(Greene et at. s 1969). This inhibition is mediated by the Zn^+ bound to 
the 7S complex (Pattison and Dunn, 1975, 1976a, b).
The a subunit of NGF has no known biological function and its 
properties have not been extensively studied. Its molecular weight is 
approximately 30,000 dalton (Varon et at.s 1968).
The physicochemical properties of NGF and the structural 
relatedness of NGF from different sources have been studied extensively 
(Server and Shooter, 1977; Bradshaw, 1978).
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The two classical target tissues for NGF are sensory and 
sympathetic neurones. Not all sensory neurones, however, are responsive 
to NGF. The smaller mediodorsal DRG neurones respond to NGF with a 
marked hypertrophy, whereas the larger ventrolateral cells are 
unresponsive both in vivo and in vitro (Weis 1970, 1971; Ebendal and 
Hedlund, 1975).
The response of sympathetic and sensory neurones to NGF varies 
according to their stage of development. In the mouse, sympathetic 
neurones do not develop an absolute dependence on NGF for survival or 
fibre outgrowth until between the fifteenth and eighteerith days of 
gestation, which is several days after the formation of the SCG. Prior 
to this stage explanted SCG will survive, extend neurites and synthesise 
tyrosine hydroxylase, in vitro3 in the absence of NGF, or the presence 
of NGF antiserum (NGF-AS). NGF will, however, stimulate neurite out­
growth and the synthesis of tyrosine hydroxylase in these cultures 
(Coughlin et at. 3 1977, 1978). The situation in chickens is slightly 
different. SCG from eight day old chicken embryos will not spontaneously 
extend fibres in vitro and are unresponsive to NGF. Fibre outgrowth in 
response to NGF develops between the ninth and tenth days of incubation 
(Partlow and Larrabee, 1971).
DRG are only sensitive to NGF for a short period of their 
development. In the chicken, DRG from four day old embryos will not 
extend fibres in vitro in the presence of NGF, but will extend fibres in 
appropriate culture conditions (Luduenä, 1973; Letoumeau, 1975).
DRG first respond to NGF by extension of fibres in vitro between the 
sixth and seventh days of incubation. The effect of NGF is maximal 
between the seventh and ninth days of incubation, and by the fourteenth 
day of incubation the DRG are no longer responsive to NGF (Winick and 
Greenberg, 1965). This loss of responsiveness to NGF is not restricted
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to the induction of fibre outgrowth, being also observed for the NGF 
induced increase in substance P content of cultured DRG (Schwartz and 
Costa, 1979).
Sensory and sympathetic neurones are not the only cells to respond 
to NGF. A number of studies indicate that NGF can influence the central 
nervous system, although it is uncertain which cells are affected. NGF 
stimulates ornithine decarboxylase in rat brain (Roger et al. 3 1974; 
Lewis et al. 3 1978), optic nerve regeneration in the newt (Turner and 
Glaze, 1977; Glaze and Turner, 1978) and behavioural recovery after 
hypothalamic lesion in adult rats (Berger, B.B., 1973) and is required 
for the normal developmental changes in surface properties of chicken 
tectal cells to occur in vitro (Merrell et al. 3 1975). There is 
conflicting evidence as to whether NGF influences central monoaminergic 
neurones. NGF is retrogradely transported by a number of neurones, 
including some in monoaminergic nuclei(Ebbott and Hendry, 1978). The 
noradrenergic neurones of the locus coeruleus and the dopaminergic 
neurones of the substantia nigra, however, either transport NGF poorly 
or not at all (Ebbott and Hendry, 1978; Schwab et al. 3 1979). 
Furthermore, localised injection of NGF and NGF-AS does not alter 
tyrosine hydroxylase levels in the locus coeruleus or substantia nigra 
(Schwab et al. 3 1979). Bjerre and co-workers, however, have reported 
that local injections of NGF or NGF-AS into the locus coeruleus affects 
the growth of lesioned ascending monoaminergic axons into an iris 
implanted in the diencephalon (Bjerre et al. 3 1974; Stenevi et al. 3 
1974). At variance with these observations is that NGF does not 
stimulate the regrowth of axons of central neurones which have been 
destroyed by 6-hydroxydopamine (Konkol et al.3 1978), and that the 
innervation of denervated iris by immature central aminergic neurones 
transplanted into the anterior eye chamber is not influenced by NGF 
(Olson and Seiger, 1973, 1976). The reason for these discrepancies is
not understood.
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NGF may also influence the development of some neuroblasts. In 
rat embryo gut mesenchyme there is a transient appearance of adrenergic 
fluorescence in presumptive neuroblasts (Cochard et al. 3 1978).
Injection of NGF into rat embryos, during a critical stage, increases 
the number of fluorescent cells and delays the loss of these cells from 
the gut. This treatment also increases the number of apparently ectopic 
adrenergic neuroblasts in liver parenchyma and heart primordium 
(Kessler et al.3 1979). Furthermore, NGF will increase the number of 
fluorescent cells in cultured neural crest, which had been previously 
induced by exposure to the ventral tube. The inductive influence of 
the ventral tube could not, however, be substituted by exogenous NGF 
(Norr, 1973). Whether NGF increases the number of fluorescent cells 
seen in these studies by increasing neuroblast division, regulating 
phenotypic expression or by increasing catecholamine synthesis and 
inhibiting neuroblast death, in a manner analogous to its action on 
immature sympathetic neurones, is unknown.
In addition to its effects on neurones, NGF inhibits the bio­
synthesis of mucopolysaccharides in chondrocytes (Eisenbarth et al.3 
1975), induces fibre outgrowth from a pheochromocytoma cell line 
(Tischler and Greene, 1975) and increases adenyl cyclase (Nikodijevic 
et al.3 1976), dopamine-ß-hydroxylase and tyrosine hydroxylase activity in 
adrenal medullary cells (Otten et al.3 1977); although NGF-AS has also 
been reported to increase tyrosine hydroxylase in the adrenal medulla 
(Angeletti, P.U. et al.3 1972). The functional significance of these 
effects has not been determined.
Pertinent to any hypothesis that NGF may mediate target tissue- 
neurone interactions is the demonstration that NGF is syWtH6sised, or 
accumulated, and released under appropriate conditions by the target tissue. 
Definitive experiments examining this requirement have yet to be reported. 
Minute quantities of NGF have been detected in a wide variety of vertebrate
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tissues (Angeletti, P.U. and Vigneti, 1971; Johnson, D.G. et al. 3 1971; 
Hendry, 1972). The localisation of NGF within these tissues, howev.er, 
is unknown. The change in tissue levels of NGF during development 
has also only been scantily studied. The content of NGF in the hearts 
of newborn mice is double that found in hearts of two week old mice 
(Johnson, D.G. et al. 3 1971), suggesting that embryonic levels of NGF 
may be significantly higher than in adult tissues. A molecule 
immunologically similar to NGF is synthesised and released by the 
adrenal medulla in organ culture (Harper et al. 3 1976) and by myoblasts, 
myotubules and cloned myogenic cells (Murphy et al. 3 1977b). Caution, 
however, is required in relating these experiments to the in vivo 
situation as NGF could not be detected in the explants of adrenal 
medulla prior to their culturing (Harper et al. 3 1976), and NGF is 
produced by primary and clonal fibroblast cultures (Oger et al.3 1974; 
Young et al.3 1975) and a neuroblastoma cell line (Murphy et al. 3 1975), 
which are presumably not physiological sources of NGF. Thus, it is 
possible that NGF is produced by the various cells in response to the 
culture environment.
Adult male mouse salivary gland contains a thousand fold higher 
levels of NGF than any other mouse tissues (Johnson et al.3 1971;
Hendry, 1972). This NGF probably has an exocrine role. It is located 
in the secretory tubular portions of the gland (Schwab et al. 3 1976) 
and can be released into the saliva (Wallace and Partlow, 1976; Schwab 
et al.3 1976; Murphy et al. 3 1977a). An exocrine role for NGF is 
supported by the existence of high levels of NGF in mouse milk (Murphy 
et al.3 1977a), various snake venoms (Cohen, S., 1959), guinea pig , 
prostrate gland (Harper et al. 3 1979) and bull semen (Harper, 1979).
Whether salivary gland NGF affects the nervous system or contributes 
to the pool of NGF found in other tissues is uncertain. Removal of the
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salivary glands (sialectomy) of adult mice has been reported to 
decrease the NGF content of plasma, heart and the SCG (Hendry and 
Iversen, 1973), and to decrease enzyme levels in sympathetic ganglia 
(Hendry and Thoenen,1974). The levels of NGF return to normal after 
a few months indicating that the salivary gland is not the only primary 
source of NGF (Hendry and Iversen, 1973). Furthermore, premature 
enlargement of the submaxillary gland of neonatal rats by testosterone 
increases tyrosine hydroxylase levels in sympathetic ganglia. This 
effect is presumably mediated via the serum as it occurs in ganglia 
not innervating the submaxillary gland, and unilateral sialectomy 
effects both ipsilateral and contralateral ganglia (Dibner and Black, 
1978). In challenge to the proposal that NGF has a role via serum is 
the failure of Murphy et at. (1977a) to observe a decrease in mouse 
serum levels after sialectomy and the low levels of NGF found in serum 
of vertebrates other than mice (Johnson, D.G. et at. 3 1971; Oger et at. 3 
1974).
While salivary gland NGF may influence mature sympathetic neurones 
it is unlikely to be an important source for the developing nervous 
system. High levels of NGF do not occur in immature mouse salivary 
glands (Hendry, 1972), and sialectomy of neonatal rats does not decrease 
tyrosine hydroxylase levels in the iris, indicating that the development 
of sympathetic innervation of one target tissue is not influenced by the 
state of another target organ (Dibner et at. 3 1977).
Neurones may receive NGF from associated glial cells, as well as 
their target tissues. Glial cells can substitute for exogenous NGF in 
supporting immature DRG neurones in vitro (Burnham et at. 3 1972; Varon 
et at. 3 1974a), apparently by releasing NGF (Varon et at. 3 1974b, c). 
Furthermore, various glioma cell lines synthesise and release NGF in 
culture (Longo and Penhoet, 1974; Schwartz et at. 3 1977; Murphy et at. 3
28
1977c; Longo, 1978). Whether glial cells synthesise or release NGF 
in vivo is not known. If, however, glial cells are a source of NGF 
in vivo their physiological significance is more likely to be associated 
with maintenance of mature neurones than with developmental phenomena.
NGF has a profound effect on sympathetic neuronal survival, both 
in vivo and in vitro. Immature sympathetic neurones in vitro have an 
absolute dependence on NGF for their survival (Levi-Montalcini and 
Angeletti, P.U., 1963). The number of sympathetic neurones which 
survive in vitro is proportional to the concentration of NGF in the 
medium (Chun and Patterson, 1977a). Injection of NGF into immature 
mammals markedly increases the number of neurones in the pre- and 
paravertebral sympathetic chain (Levi-Montalcini and Booker, 1960a; 
Hendry, 1976). This increase in neuronal number can be attributed to 
a decrease in the naturally occurring developmental cell death (Hendry 
and Campbell, 1976; Hendry, 1977a). Conversely, injection of anti­
serum to NGF (NGF-AS) into newborn mice almost totally destroys the 
sympathetic nervous system (Levi-Montalcini and Booker, 1960b; Levi- 
Montalcini and Angeletti, P.U., 1966). Thus altering the availability 
of NGF has the same effect on neuronal survival as altering the size 
of the peripheral field. That NGF is the physiological mediator of 
peripheral field regulated neuronal survival is suggested by the 
observation that NGF can prevent the neuronal death which results from 
the peripheral field isolation of the developing neurone (Hendry and 
Campbell, 1976; Banks and Walter, 1977). Whether the naturally 
occurring neuronal death during development results from a limiting 
production of NGF by the target tissue or is due to some other 
mechanism, such as limited availability of synaptic sites, which prevents 
some neurones from tapping an abundant supply of NGF is unknown.
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The effects of NGF on sensory neuronal survival are only poorly 
documented. Immature chicken DRG require NGF for survival in vitro 
(Levi-Montalcini and Angeletti, P.U., 1963; Blood, 1972). However, to 
my knowledge the administration of NGF or NGF-AS to developing animals 
has not been shown to alter the number of neurones in the DRG.
When newborn mice are injected with NGF there is a massive 
sympathetic fibre outgrowth (Levi-Montalcini and Booker, 1960a) and 
an increase in the density of sympathetic innervation (Olson, 1967).
NGF will also enhance, and NGF-AS inhibit, the regeneration of 
sympathetic fibres after lesion with 6-hydroxydopamine (Bjerre et al.3 
1973, 1974) or axotomy (Hendry, 1975).
A similar phenomenon also occurs in vitro. NGF will induce a fibre 
halo from cultured sympathetic and DRG (Levi-Montalcini and Angeletti, 
P.U., 1968). The latter response is the basis of the first and most 
commonly used bioassay for NGF (Levi-Montalcini et ail. 3 1954).
The physiological significance of the excess fibre outgrowth has 
only been briefly examined. As previously discussed there is a massive 
loss of axons during normal development. Does NGF increase fibre out­
growth in a manner analogous to the manner it increases cell number, 
that is by decreasing axonal loss? Analysis of this problem is 
hampered because fibre production, unlike neurone production, is an 
ongoing process and NGF may enhance this production nonspecifically by 
its general pleotypic effects.
Clearly if a neurone is to lose some of its axonal branches, and 
not others, then whatever mediates the loss or survival of a branch must 
exert its effect locally on that branch. That NGF can have such a local
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action is suggested by an ingenious experiment by Campenot (1977) who 
devised a three chamber system in which dissociated sympathetic neurones 
could be cultured with their somas and branches of axons in different 
environments. When NGF was removed from one chamber the axons in that 
chamber stopped growing and degenerated, even though their somas and 
proximal axons were still receiving NGF (Campenot, 1977).
A second possible role for NGF-induced fibre outgrowth is that of 
directed growth. This question arose with the conception of NGF itself. 
When Levi-Montalcini implanted sarcomas 180 or 37 onto the chorioallantoic 
membrane of 4-6 day old chicken embryos she found a massive sympathetic 
fibre outgrowth which penetrated the veins near the sarcomas. This 
was the first demonstration of a diffusable growth factor and led to the 
hypothesis that nerve fibres grow down a gradient of growth factor (Levi- 
Montalcini, 1952). Competitive innervation of target tissues by 
sympathetic neurones in vitro has been used to study this phenomenon.
Many investigators have reported that densely innervated tissues such 
as the atrium or vas deferens will preferentially attract growing 
sympathetic fibres whereas sparsely innervated tissue will not (Chamley 
et at. 3 1973a, b; Chamley and Dowel, 1975; Ebendal and Jacobson,
1977a).
That NGF has chemotaxic properties has been suggested by both 
in vivo and in vitro studies. When NGF is injected into the brain of 
newborn rats there is an invasion of the brain by fibres from the SCG 
(Levi-Montalcini, 1976). Whether fibres are attracted to the brain 
directly from the SCG or from the normal innervation of the brain’s 
vascular system is not known. The existence of sympathetic fibres 
within the brain, however, is a totally abnormal occurrence. When a 
gradient of NGF is created in tissue culture the fibre outgrowth from 
sympathetic and sensory neurones is most extensive in the direction of
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the higher concentration of NGF. The growth of fibres was not directed 
by the concentration of NGF per se but rather by the relative 
concentration of NGF (Charlwood et al. 3 1972; Letoumeau, 1978). A 
chemotaxic response could be induced if fibre outgrowth is stimulated 
locally by NGF or if random outgrowth occurs and NGF locally stabilises 
that outgrowth. The demonstration of a localised regulation of axonal 
survival by NGF (Campenot, 1977) suggests that the latter mechanism may 
be operative.
While these experiments strongly suggest that NGF can be 
chemotaxic, appropriate gradients of NGF will have to be demonstrated 
in the developing embryo before they constitute evidence for chemotaxic 
guidance of sympathetic neurones to their appropriate target tissue.
The maturation of sympathetic neurones is probably regulated, in 
part, by NGF. Immature sympathetic neurones respond to NGF by a marked 
hypertrophy (Levi-Montalcini and Booker, 1960a; Banks et al.3 1975), 
and increases in protein content (Thoenen et al. 3 1971), levels of 
noradrenaline (Crain and Wiegard, 1961), specific activity of tyrosine 
hydroxylase and dopamine-3-hydroxylase (Thoenen et al. 3 1971; Hendry 
and Iversen, 1971), and density of target tissue innervation (Bjerre 
et al. 3 1975). In all these respects the treated neurones resemble 
their mature counterparts.
A problem with the interpretation of these experiments is that 
administration of NGF during development is likely to alter the gross 
biochemical characteristics of sympathetic ganglia by increasing 
neuronal survival. That the above effects are not solely due to changes 
in neuronal survival can be deduced from studies using mature 
sympathetic neurones. Mature neurones can survive without NGF, but 
will respond to NGF by an increased density of target tissue innervation
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(Bjerre et al. 3 1975) and to NGF-AS by a transient decrease in the 
activity of tyrosine hydroxylase and dopamine-ß-hydroxylase (Goedert 
et al. 3 1978).
If a target tissue is to specifically regulate the maturation and 
survival only of neurones which innervate it, then a mechanism must 
exist by which the target tissue can transfer information to the 
perikaryon of a select population of neurones. The demonstration by 
Hendry, Stöckel and co-workersthat NGF is retrogradely transported from 
target tissues to the perikaryon, via the axon, provides such a 
mechanism (Hendry, 1980).
When NGF is injected unilaterally into the salivary gland or 
anterior eye chamber then it is selectively accumulated (Hendry et al.3 
1974a, b), and the activity of tyrosine hydroxylase increased (Stöckel 
and Thoenen, 1975; Paravicini et al. 3 1975)^  in the ipsilateral 
relative to the contralateral SCG. This induction of tyrosine 
hydroxylase depends on an intact postganglionic trunk indicating that 
retrograde transport of some substance, via the axon is required for 
such enzyme induction (Paravicini et al.3 1975).
That NGF is only influencing neurones which have transported it
has been elegantly demonstrated by Hendry. He implanted a depot
preparation of NGF, which slowly released NGF to the surrounding nerve
terminals, into the anterior eye chamber. After one week the neurones
projecting to the eye were labelled by injecting a small quantity of 
125I labelled tetanus toxin or NGF. The labelled neurones which 
projected to the eye, and had access to the depot of NGF, were hyper­
trophied whereas neurones from the same ganglia without projections to 
the eye were not enlarged (Hendry, 1977b).
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The exact nature of the primary and subsequent biochemical 
events elicited by NGF has only been partially determined. The 
biological action of NGF seems to result from a pleiotypic activation 
of a wide variety of anabolic and catabolic pathways rather than 
selective gene expression (Bradshaw, 1978). This point is perhaps 
most vividly demonstrated by studies with cultured immature 
sympathetic neurones. These neurones express either a cholinergic or 
an adrenergic phenotype, in response to different culture conditions 
(Patterson, 1978). When adrenergic these neurones respond to NGF 
by an increased synthesis of noradrenaline, and when cholinergic they 
respond by an increased synthesis of acetylcholine (Chun and Patterson, 
1977b). Thus, NGF is a trophic hormone (Varon and Bunge, 1978) 
regulating neuronal maturation and survival rather than an inducer 
causing neuralisation of neural crest cells to adrenergic neuroblasts.
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D. Conclusions
Neuronal differentiation and maturation is influenced by the 
cellular environment around the developing neurone. The peripheral 
field appears to be involved in the maturation of transmitter 
function, and survival or death of the neurones which innervate it.
The mechanisms by which the peripheral field influences neuronal 
development are substantially unknown. If factors released by the 
periphery are involved in these mechanisms then these factors would 
be expected to act in vitro to cause neuronal maturation, fibre out­
growth, neuronal survival and neuronal death (under conditions which 
neurones normally survive).
The objective of this thesis was to develop tissue culture systems 
to enable the detection and subsequent characterisation of factors 
active in neuronal development. In the long term it is hoped that the 
purified effector molecules, and antibodies prepared to them,can be 
used as investigative tools with which to study the phenomena







A. Nerve growth factor
3-NGF was purified from adult male mice salivary glands using 
the method of Mobley et al. (1976) and assayed spectrometrically 
(Greene, 1974).
B. Collagen
Stock solutions of rat tail collagen in acetic acid were 
prepared using the method of Bornstein (1950).
C. Chemicals
The following chemicals were purchased from:
a. Calbiochem (Aust.) Pty Ltd,
Co-enzyme A [2341], 6,7-dimethyl-5,6,7,8-tetrahydropterine [31636], 
17-ß-estradiol [3301], physostigmine sulphate [32997] and 
testosterone [5811].
b. Commonwealth Serum Laboratories, Melbourne,
benzylpenicillin sodium [017.7700] and foetal calf serum (#149-2 and 
181-2) [5023].
c. Hopkin and Williams, England,
N-2-hydroxyethypiperazine-N'-2-ethanesulphonic acid (HEPES).
d. Flow laboratories, USA,
dulbecco modified essential medium (DMEM) with glutamine and 
without bicarbonate [10-331-20].
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e. Grand Island Biological Company, USA, 
noninactivated horse serum (# 069 and 073) [605] .
f. Radiochemical centre (Australia), Pty Ltd,
[^ H] acetic anhydride [TRA 370] and L-[3,5-^H] tyrosine [TRA 200].
g. Robert Bryce and Co. Ltd, NSW,
Triton X-100.
h. Sigma Chemical Company, USA,
aldosterone [A-6628], choline bromide [C-1754], collagenase 
[C-2139], corticosterone [C-2505], dexamethasone [D-1756], 
dibutyryl-cAMP [D-0627], 5-fluorodeoxyuridine [F-0503], haemin 
[H-2250], insulin [1-5500], progesterone [P-0130], tetraphenylboron 
(sodium) [T-4125] and uridine [U-3750].
i. Worthington Biochemical Corporation, USA, 
lyophilised trypsin [3707 TRL3].
All other chemicals used were of standard laboratory grade.
Animals
The following animals were used:
a. Chickens
Fertile white leghorn eggs were obtained from Marks and Talbot 
Ltd (Victoria) and incubated in a forced draft incubator at 37°C 
and 40° humidity.
b. Rats and mice
Outbred wistar rats and outbred mice were bred within the JCSMR.
c. Cat
A feral cat from the JCSMR stock.
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d. Cows, pig and sheep







All terminology used in this thesis is in accordance with the 
recommendations of the tissue culture association (Federoff, 1967).
b. Culture plates
All cultures were grown in collagen coated plastic multiwell
2plates (Linbro 76-033-05; 16 mm diam., 2 cm surface area) containing
0.5 ml of culture medium, unless otherwise stated. Two forms of 
collagen coating were used. In most experiments a thin air dried layer 
of collagen was prepared by spreading one drop of collagen-acetic acid 
stock solution over the surface of the well and allowing it to dry.
The well was then washed with 165 mM sodium chloride. In other 
experiments (Chapter 4, Part B, and 5) the wells were thickly coated 
with a collagen gel as described by Elsdale and Bard (1972).
c. Basic salt solutions
(i) Calcium and magnesium free basic salt solution (-Ca-Mg BSS) 
This solution contained 130 mM NaCl, 9.4 mM Na^ HPO^, 5.6 mM
NaH^PO^, 4.2 mM glucose, 5.5 mM KC1 and 1 mg/1 phenol red. The pH was 
adjusted to 7.4 with NaOH.
(ii) Hanks basic salt solution (Hanks BSS)
This solution was prepared as previously described (Hanks
and Wallace, 1949).
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d. Basic culture medium
Two variants of Dulbecco modified essential medium (DMEM) were 
used. DMEM-HCO^ consisted of DMEM supplemented with 44 mM sodium 
bicarbonate and 100 units benzylpenicillin/ml and was incubated at 
36.5°C in a 10% CC>2/90% air mixture. DMEM-HEPES consisted of DMEM 
supplemented with either 10 or 50 mM HEPES and 100 units 
benzylpenicillin/ml and was incubated at 36.5°C in air. These media 
were supplemented with either horse or foetal calf serum as summarised 
in Table 2.1
e. Inactivation of serum
Horse serum was inactivated by heating at 57°C for 30 minutes.
f. Preparation of conditioned medium
Conditioned medium was prepared by incubation of basic culture 
medium with mature non-neuronal cell cultures for two days. For 
experiments reported in Chapter 3 the conditioned media were transferred 
directly to the neuronal cultures whereas for experiments reported in 
Chapter 4 they were stored at -20°C prior to its use.
g. Preparation of extract medium
(i) for chapter 3
Tissue extracts were prepared by homogenising adult female 
wistar rat tissues in basic culture medium, lacking serum, followed by 
centrifugation at 50,000xg for lh. The resulting supernatants were 
sterilised by filtration (0.22 ym) and were supplemented with 10% 
inactivated horse serum. For experiments which required the same extract 
in different media (see Table 3.4) the high molecular weight factors were 
exchanged into the media by gel filtration. Biogel P4 columns 
(12.5 cm x 0.5 cm) were equilibrated with the required medium and 2.5 ml 
of the extract applied to the top. The columns were washed with 1 ml
41
TABLE 2.1
Variations of basic culture medium.
Chapter Medium PH Serum
(10% (v/v))
3 Part A d mem-h c o3 7.4 horse inactivated
3 Parts B-E DMEM-HEPES 7.2 horse inactivated
(50 mM)
4 Parts A and C dmem-hc o3 7.4 horse inactivated
4 Parts B and D DMEM-HEPES 7.3 horse inactivated
(10 mM)
5 DMEM-HEPES 7.4 foetal calf
(50 mM)
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of 165 mM sodium chloride. The high molecular weight fraction of the 
extract was then eluted in the new medium by the addition of 2.0 ml of 
165 mM sodium chloride to the column.
(ii) for chapter 4
Extract media of rat organs were prepared using tissue pooled 
from 15 adult females (Table 4.3). The muscle used was the quadriceps.
The ventricle extract media of particular species were prepared from 
tissue pooled from 2 chickens, 40 mice or 10 rats. Extract media from 
the other species were prepared by mincing the entire ventricle of one 
animal and processing a sample of this mince (Table 4.4). In the third 
experiment (Table 4.5) the ventricle extract media were prepared from 
64 newborn, 5 adult male or 5 adult female rats.
The tissue was homogenised in 20 mM HEPES buffer, pH 7.3, to give a 
20% (w/v) extract, of which 22 ml was mixed with 18 ml of double 
strength DMEM. This mixture was centrifuged at 50,000gforl h, filtered 
through glass wool and centrifuged at 50,000g for a further 1 h. The 
pH was readjusted to 7.3, the supernatant sterilized by millipore 
(0.22 ym) filtration and 4 ml of heat inactivated horse serum added. The 
resulting mixture was equivalent to a 10% (w/v) extract in basic culture 
medium. Rat aortic and atrium extract media were prepared from an 
initial 6% (w/v) homogenisation, thus giving a final extract concentration 
of 3% (w/v).
h. Steroid solutions
Solutions of steroids in basic culture medium were prepared by 
preparing a concentrated solution in alcohol. An aliquot of this solution 
was then evaporated and the steroid residue dissolved in medium by gentle 
stirring for one day.
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II. Non-neuronal cell cultures
a. Culture medium
All non-neuronal cultures were grown in DMEM-HCO^, pH 7.4.
During the initial four days of culture the medium was supplemented with 
20% (v/v) inactivated horse serum. The serum concentration was then 
decreased to 10% (v/v). The culture medium was changed every four days, 
unless otherwise indicated.
b. Dissociation procedure
Rat embryos of 19 day gestation were placed in -Ca-Mg BSS and the 
required organs were then dissected from the embryos, placed in fresh
3-Ca-Mg BSS, and minced into small pieces (approximately 1 mm ). The 
tissue was then added to a 1% (w/v) collagenase solution in -Ca-Mg BSS 
and placed in a gently shaking water bath at 37°C. After a set period, 
which depended on the organ (see Table 2.2), the tissue was dissociated 
by trituration with a pasteur pipette and then a 25 gauge hypodermic 
needle. The dissociated tissue were centrifuged at 200xg for 1 minute, 
washed in culture medium, resuspended in media, the cells counted in a 
haemocytometer and plated at the densities indicated in Table 2.2
c. Skeletal muscle cultures
The mononucleated myoblasts began to fuse with each other after 
the first few days in culture, and by eight days the cultures consisted 
of spontaneously contracting myotubes on a layer of flat fibroblast-like 
cells. The myotubes in these cultures resembled those described for rat 
(Königsberg, 1971), chicken (Shimada et al.s 1969; Fischbach, 1972) and 
mouse muscle (Giller et al.3 1977).
d. Cardiac muscle cultures
Synchronous contractions of the cardiac myocytes could be detected 
after two days incubation and usually persisted for two weeks. In older
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TABLE 2.2







cells x well *
Fluorodeoxyuridine 
added to medium 
*
Skeletal muscle 60 0.5 - 1.0 x 106 +
Cardiac muscle 60 ** +
Liver 45 1 - 5 x 106 -
Lung 90 1 x 106 -
Salivary gland 60 1 x 106 -
82 yM 5-fluorodeoxyuridine and 203 yM uridine was included in the 
medium between the fourth and sixth day of incubation.
The cells from ten hearts were plated equally amongst 24 wells.
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cultures the cardiac myocytes stopped contracting and appeared to lose 
viability. Despite the use of 5-fluorodeoxyuridine these cultures 
contained a dense layer of fibroblast-like cells which, in cultures 
older than two weeks, became dominant. Thus, only cultures between 
one and two weeks old were used as sources of conditioned media. The 
morphological appearance of these cultures resembled those previously 
described (Mark et al. 3 1973).
e. Liver and lung cultures
These cultures consisted predominantly of islands of epithelial- 
like cells and a few isolated fibroblast-like cells. The cultures were 
maintained for periods of up to five weeks without domination by 
fibroblast-like cells. The morphology of the liver and lung cultures 
was similar to that described for primary cell cultures of liver from 
neonatal and adult rats (Williams et al., 1971; Williams and Gunn, 1974) 
and cloned foetal feline lung (Kniazeff et al. 3 1976) respectively.
f. Salivary gland cultures
These cultures consisted of islands of epithelial-like cells 
interspersed with fibroblast-like cells and a few unidentified cells 
(Figure 2.1). In a few cultures isolated groups of fat cells were seen.
Ill Neuronal cultures
a. Culture medium
Basic culture and extract media were changed every four days and 
conditioned media every two days.
b. Spinal cord cell cultures
Rat embryos of 12-15 day gestation were removed into Hanks BSS, 
supplemented with 10 mM HEPES. After removal of their heads and the 
skin dorsal to the spinal cords, a fine pair of forceps, with a
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FIGURE 2.1
Photomicrograph of an unidentified rat embryo salivary gland cell.
Scale represents 100 ym.
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sharpened edge, was run down dorsal to and on each side of the spinal 
cord, breaking the attached membranes. The spinal cords were removed 
intact and placed in culture medium. By using this method spinal cords, 
essentially free of DRG and meningial membrane, could be dissected 
rapidly from the embryo. The spinal cords were minced and dissociated 
by gentle trituration with a 21 gauge, followed by a 25 gauge, 
hypodermic needle. The cells were plated at a density of 0.6 x 10^ * 
cells/well.
The mature spinal cord cultures consisted predominantly of small 
islands of 10-15 neurones which were interconnected by a dense labyrinth 
of axons. Non-neuronal cells were also present but never at a density 
which required the use of 5-fluorodeoxyuridine to control their 
proliferation. This was presumably due to the absence of meningial 
membrane cells. The morphology of the neurones was similar to those 
described in cultures of chicken (Fischbach, 1972) and mouse (Peacock 
et at., 1973) spinal cord.
c. Ciliary, superior cervical and dorsal root ganglia cultures
Ciliary and DRG from chicken embryos and SCG from neonatal rats 
were removed into basic culture medium, trimmed of adherent tissue and 
one ganglion was cultured per well. Photomicrographs of typical ciliary 
ganglion cultures are shown in Figures 3.1 and 3.3 and of SCG in Figure 
2 . 2 .
B. Chromatographic methods
I Processing of fractions
The high molecular weight component of each column fraction was 
exchanged into culture medium by the use of Bio-Gel P4 columns (see
Part A, I g(i)).
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FIGURE 2.2
Photomicrograph of a cultured neonatal rat superior cervical 
ganglion.
Scale represents 200 ym
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180 Drop fractions were collected and the elution profile 
established by measuring the absorbance at 280 and 260 nm, except for 
column 4.5 where 160 drop fractions were collected and the profile 
established by protein determination (Lowry et at. 3 1951).
III Columns
The preparation of samples and the running of columns was carried 
out as indicated in Table 2.3.
C. Bioassays for factors influencing:
I Ciliary ganglion fibre outgrowth
The ability of a source of factor to induce a fibre outgrowth was 
determined by culturing ganglia for four days and then measuring the 
magnitude of the outgrowth using a relative scale (0-5). Ganglia which 
exhibited a 5 response (Figures 3.3 E-F) had a dense fibre halo which 
extended 0.8 to 1.0 mm from the ganglion. Ganglia which had fewer or 
shorter fibres were assigned proportionally lower values. Examples of 
typical responses and their scores are shown in Figures 3. 3 A-F.
II Ciliary ganglion choline acetyltransferase
The level of CAT maintained by different media was assayed by 
culturing ciliary ganglia for four days and then measuring the activity 
of CAT as described in Part D of this Chapter.
III Spinal cord choline acetyltransferase
Dissociated spinal cord cultures were incubated in the source of 
factor being examined for either 14 or 21 days and the activity of CAT 
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IV Superior cervical ganglion enzymes
SCG from 2-4 day old rats were cultured in the source of factor 
(supplemented with 1 yg/ml NGF) being tested for either 14 or 21 days 
and the activity of CAT and TH then measured as described in Part D of 
this Chapter.
V Dorsal root ganglion fibre outgrowth
DRG from 14 day old chicken embryos were cultured for 3 days in the 
source of factor being tested and the extent of fibre outgrowth then 
estimated using the scale described for the ciliary ganglion fibre 
assay.
D. Enzyme assays
I Preparation of homogenates
Cultures were washed in cold 165 mM sodium chloride solution and 
homogenised in 5 mM Tris-HCl pH 7.4 buffer, containing 0.1% Triton X-100. 
The spinal cords, ciliary ganglia and dissociated SCG cultures were 
homogenised in their wells with a flat ground glass rod whereas 
explanted SCG were homogenised in a glass homogeniser.
II Choline acetyltransferase
Choline acetyltransferase (CAT) activity was assayed using the 
minor modifications of the method of Fonnum (1969), as described by 
Black et al.3 (1971).
III Tyrosine hydroxylase
Tyrosine hydroxylase (TH) activity was assayed by the method of
Hendry and Iversen (1971).
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CHAPTER 3
BIOASSAYS FOR THE DETECTION OF FACTORS AFFECTING
CILIARY GANGLION DEVELOPMENT
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BIOASSAYS FOR THE DETECTION OF FACTORS AFFECTING 
CILIARY GANGLION DEVELOPMENT
INTRODUCTION
The unusual anatomy of the avian ciliary ganglion makes it an 
interesting and convenient ganglion to study. Unlike most para­
sympathetic ganglia, which are embedded in the target organs, the 
ciliary ganglion can be easily and rapidly dissected. It is situated 
near the apex of the orbit between the optic nerve and rectus 
lateralis muscle.
The avian ciliary ganglion is composed of two types of neurones; 
ciliary and choroid. The smaller choroid neurones (25 ym diameter) have 
unmyelinated somas and receive a muscarinic cholinergic innervation from 
the oculomotor nerve. The ciliary neurones (45 ym diameter), on the 
other hand, have myelinated somas and synaptic transmission from the 
oculomotor nerve is mediated by a dual electrical and nicotinic 
cholinergic mechanism (Hess, 1965; Hess et al. 3 1969; Marwitt et al.3 
1971). The axons of the choroid neurones form the choroid nerve, which 
consists of 3-5 nerve bundles and innervates the smooth muscle of 
choroid tissue. The axons of the ciliary neurones extend into the 
ciliary nerve and innervate the striated iris and ciliary muscles 
(Carpenter, 1906; Pilar and Vaughan, 1969; Marwitt et al., 1971). 
Transmission through the ciliary nerve is mediated by a nicotinic 
cholinergic mechanism (Dale, 1914; Pilar and Vaughan, 1969). This 
innervation is the only known synapse between the autonomic nervous 
system and striated muscle.
The ciliary ganglion is derived from the cranial neural crest 
(Hammond and Yntema, 1958), and in the chicken interacts with its 
peripheral target tissue during at least two stages of its development.
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Firstly, from stage 36 (Hamburger and Hamilton, 1951) (day 10), and 
depending on the presence of the optic cup, the immature neurones of 
this ganglion undergo morphological changes characterised by the form­
ation of a well organised rough endoplasmic reticulum. These changes 
appear to be unrelated to the formation of permanent synaptic connections 
since they occur in all neurones of the ciliary ganglion, including 
those which are subsequently eliminated by cell death (Pilar and 
Landmesser, 1976). Secondly, the peripheral target tissue is involved 
in regulating the extent of cell death. During normal development 
approximately half of the ciliary ganglion neurones undergo cell death 
(Landmesser and Pilar, 1974a); whereas in the absence of the optic 
cup the loss of neurones during this period is almost complete 
(Landmesser and Pilar, 1974b). Whether the same factor(s) are involved 
in the mediation of these two interactions is unknown.
A situation analogous to the dependence of neuronal survival on 
the periphery occurs in vitro. When ciliary ganglion neurones are 
cultured in a defined medium they rapidly degenerate, with a time course 
similar to that observed in vivo for peripherally deprived ganglia 
(White and Bennett, 1978). When co-cultured with skeletal myotubules, 
however, these neurones survive, extend axons and form functional 
synapses with muscle fibres (Hooisma et al. 3 1975; Betz, 1976). These 
effects appear to be mediated by a diffusable factor as neuronal 
survival and fibre outgrowth will occur when ciliary ganglion neurones 
are cultured in medium conditioned by cardiac or skeletal muscle cells 
(Helfand et al.3 1976; Nishi and Berg, 1977).
In this chapter two bioassays are described for factors which 
influence the development of the ciliary ganglion. One assay is based 
on the above observations that ciliary ganglion neurones extend fibres
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in vitro in response to appropriate exogenous factors. By analogy 
with the action of NGF on sympathetic neurones (see Chapter 1) these 
factors would also be expected to elevate CAT levels in cultured 
ciliary ganglia. This possibility has been investigated, and an assay 





The initial studies in this Chapter were carried out using ciliary 
ganglia from ten day old chicken embryos, with fibre outgrowth and 
maintenance of CAT being determined on the same ganglia. It became 
apparent, however, that the optimal culture conditions for fibre 
outgrowth and maintenance of CAT were different. Thus, in later 
studies the optimal conditions to observe fibre outgrowth were examined 
using ganglia from eight day old embryos (reported in Section B of 
this Chapter) and the maintenance of CAT activity by using ganglia 
from fourteen day old embryos (reported in Section C of this Chapter).
Various conditioned and tissue extract media were examined as 
sources of factors for development of the bioassays. Conditioned media 
obtained from cultures of cardiac myocytes, skeletal myotubules or 
salivary gland, but not from cultures of liver, lung or SCG non­
neuronal cells, caused moderate fibre outgrowth with no significant 
effect on the levels of CAT (Table 3.1). In contrast, the extract 
media of cardiac and skeletal muscle induced extensive fibre outgrowth 
and additionally elevated levels of CAT (Table 3.1). Cardiac extract 
media were therefore used as a source of active factor in the following 
experiments. An example of the cardiac extract medium induced fibre 
outgrowth from ten day old chicken embryo ciliary ganglia is shown in 
Figure 3.1.
When ganglia were cultured in caridac extract medium, fibre out­
growth was evident within twenty hours, and by seven days a large fibre 
halo was present with individual fibre bundles up to 41 mm in length 
and 20 ym in width. In contrast, no fibre outgrowth was observed when
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ganglia were cultured in control medium. In ganglia cultured 
in cardiac extract medium CAT activity decreased to 20% of the 
in vivo activity during the first day in culture and was then 
maintained at this level for the next six days. The CAT activity of 
ganglia cultured in control medium was at all times significantly 
less then the activity of ganglia cultured in cardiac extract medium, 
decaying to negligible levels within two days (Figure 3.2).
B. Fibre outgrowth
Variable types of fibre outgrowth occurred from ciliary ganglia 
cultured in cardiac extract. Some ganglia responded to the cardiac 
extract by the extension of long relatively unbranched axons (Figure 3.3G), 
while in other ganglia the fibre outgrowth formed a dense branching net­
work (Figure 3.3H). The occurrence of the two types of fibre outgrowth 
was independent of the concentration of cardiac extract medium and in 
a few cases a single ganglion exhibited both forms of fibre outgrowth.
Most ganglia responded to the cardiac extract medium by extension of 
fibres uniformly around their circumference. Sometimes, however, a 
fibre outgrowth occurred only from isolated regions of the ganglion or 
was more extensive from an isolated region. This phenomenon occurred 
most frequently in ganglia cultured in low concentrations of cardiac 
extract medium. When ganglia were scored using the scale described in 
the Methods then the magnitude of fibre outgrowth correlates with the 
concentration of cardiac extract medium in the culture medium 
(Figure 3.4).
The response of chicken ciliary ganglia to cardiac extract media 
varied with the age of the ganglia (Figure 3.5). Ganglia from eight 
to eleven day old chicken embryos had the most pronounced fibre outgrowth.
60
As the age of the embryos increased there was a diminished fibre 
response with ciliary ganglia from 16 day old chicken embryos showing 
virtually no fibre response in the presence of cardiac extract medium. 
The fibre outgrowth from eight day old chicken embryos was most easily 
quantified due to the minimal migration of non-neuronal cells from 
ganglia of this age. Thus, in the following studies ganglia from 
eight day old chicken embryos were used to assess the conditions for 
maximal fibre response.
The fibre outgrowth induced by cardiac extract medium depended 
on the presence of serum in the culture medium. Concentrations of 
inactivated horse serum of 10% or less stimulated fibre outgrowth in 
the presence of cardiac extract medium without themselves inducing a 
fibre response. At higher concentrations inactivated horse serum 
induced fibre outgrowth in the absence of cardiac extract medium but 
did not further enhance the fibre outgrowth induced by cardiac extract 
medium (Figure 3.6). Thus the maximal synergism was observed at 10% 
inactivated horse serum. This requirement for serum was satisfied by 
both horse and foetal calf serum (Table 3.2).
Cardiac extract media prepared in either a 10% CO2/44 mM NaHCO^ 
or a HEPES (10-50 mM) buffering system were effective in inducing a 
fibre response with the bicarbonate buffer giving a slightly greater 
fibre response than the HEPES buffer. Sodium phosphate buffers (10 or 
50 mM) were found to be unsuitable for use in this system (Table 3.2).
The fibre outgrowth induced by cardiac extract medium was 
sensitive to the pH of the culture medium. The optimum response was 
obtained between pH 7.1 and 7.3. The magnitude of fibre outgrowth 
decreased with either increasing or decreasing pH with the response 
at pH 7.0 or 7.8 being less than half the response observed at pH 7.2 
(Figure 3.7).
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C. Maintenance of choline acetyltransferase activity
When cultured in cardiac extract medium the CAT activity of 
14 day old chicken embryo ciliary ganglia was maintained at a higher 
level than that of ganglia cultured in the basic culture medium 
(Figure 3.8). The enzyme levels of the latter ganglia fell rapidly, 
reaching a minimum within 7 days. On the other hand, in the cardiac 
extract medium, CAT activity was maintained at an elevated level for 
four days and then declined, reaching the same level as control 
medium between the second and third week. Since the maximum difference 
in CAT activity between ganglia cultured in basic culture and cardiac 
extract media occurred after four days of culture, ganglia were 
cultured for this period in experiments which examined maintenance of 
CAT activity.
The enhancing effect of cardiac extract medium on CAT levels was 
observed with ciliary ganglia from seven to nineteen day old chicken 
embryos (Stages 34-45 of Hamburger and Hamilton, 1951) (Table 3.3). 
Whether cultured in control or cardiac extract medium, CAT 
activity after four days in vitro was greater in ganglia from older 
than younger embryos.
The ability of cardiac extract medium to maintain CAT activity 
was dependent on the concentration of the extract. Increasing the
concentration of cardiac extract medium up to an equivalent of 10%
• ;•> „ 7 ) .
(w/v) of rat heart caused a corresponding increase in CAT activity. 
Beyond this concentration of cardiac extract medium there was no further 
elevation of CAT activity (Figure 3.9). The maintenance of CAT by a 
10% (w/v) cardiac extract medium was very reproduceable. In twenty 
experiments, spanning a nine month period, the level of CAT in ganglia 
culture in 10% (w/v) cardiac extract medium was 679 ± 77 nmole x h ^
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x ganglion compared to 114 ± 15 for ganglia cultured in control 
medium. The experimental to control ratio in these experiments was 
7.2 ± 0.8 (Table 3.5).
The cardiac extract medium maintained CAT activity when ciliary 
ganglia were cultured in medium lacking horse serum. When 10% 
inactivated horse serum was included in the culture medium, however, 
the level of CAT maintained by cardiac extract was doubled. This 
concentration of serum maintained CAT activity at only low levels in 
the absence of cardiac extract medium. Higher concentrations of 
inactivated horse serum in the medium inhibited the cardiac extract 
medium induced maintenance of CAT activity (Figure 3.10). Non- 
inactivated horse serum and foetal calf serum at 10% were as effective 
as inactivated horse serum in increasing the activity of CAT 
maintained by cardiac extract medium (Table 3.4).
The maintenance of CAT activity by cardiac extract medium was 
constant between pH 7.2 and pH 8.0, but decreased as the pH was lowered, 
with the response at pH 6.6 being only half that at pH 7.2 (Figure 3.11).
Cardiac extract media prepared in either a 10% CO2/44 mM NaHCO^ or 
a HEPES (5-50 mM) buffer were equally effective in maintaining CAT 
activity (Table 3.4).
D. Effect of exogenous compounds on maintenance of choline 
acetyltransferase
The ability of various hormones and second messengers to influence 
the maintenance of CAT in cultured chicken ciliary ganglia was examined. 
Each compound was tested for its activity in control medium, and 
its ability to enhance the effect of cardiac extract medium in the 
presence or absence of serum.
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Neither insulin, dexamethasone, 17-ß-estradiol, progesterone, 
testosterone nor dibutyryl cAMP significantly increased the maintenance 
of CAT in any of the above assay variations, although there was a 
tendency for testosterone to decrease the CAT levels (Table 3.5).
There was also a tendency for NGF to maintain CAT in the absence of 
cardiac extract medium. This effect, however, was small in comparison 
to the maintenance of CAT produced by cardiac extract medium (Table 3.5A). 
NGF did not enhance the cardiac extract medium induced maintenance of 
CAT, either in the presence or absence of added serum (Table 3.5B).
Haemin maintained low levels of CAT in ganglia cultured in basic
-8culture medium. This effect was maximal at 10 M haemin, with higher 
concentrations maintaining less CAT (Figure 3.12). The maximum level 
of CAT maintained by haemin was approximately 35% of that maintained by 
a cardiac extract medium (Table 3.5A). Haemin did not enhance the effect 
of cardiac extract medium and could not substitute, in this respect, for 
serum (Table 3.5B).
E. Preliminary fractionation of cardiac extract medium
Cardiac extract medium was fractionated into high and low 
molecular weight components by dialysis. All the CAT maintaining 
activity was localised in the high molecular weight component, with the 
low molecular weight fraction being unable to maintain significant 
levels of CAT (Table 3.6).
To test the possibility that a high molecular weight component 
of cardiac extract was breaking down to an active low molecular weight 
component during the assay incubation, an ultrafiltrate of an incubated 
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TABLE 3.5 A and B
Effect of selected hormones and second messengers on the maintenance 
of fourteen day old chicken ciliary ganglia.
The effect of each hormone, or its vehicle control, was tested on 
ganglia grown in either control medium or cardiac extract medium, 
containing or lacking serum. CAT activity is shown as the mean ± standard 
error of mean with the number of ganglia used in parentheses, and expressed 
relative to ganglia cultured in similar medium including the vehicle 
control. Solutions of 17-ß-estradiol, progesterone or testosterone were
_3prepared from 10 M, in ethanol, stock solutions. Haemin solutions were 
prepared as described in Figure 3.12. The level of CAT maintained in 
ganglia grown in media containing either the ethanol of Na+ vehicle did 
not differ significantly from ganglia grown in similar media lacking the 
vehicle. The final concentration of all cardiac extract media was 10%
(w/v).
* In twenty experiments the ratio of the level of CAT maintained in 
ganglia grown in control medium compared to ganglia grown in cardiac 
extract was 720 ± 80%.
** In seven experiments the ratio of CAT maintained in ganglia grown in 
cardiac extract medium lacking serum compared to ganglia grown in 
cardiac extract medium containing serum was 218 ± 23%.








NGF lng/ml 154 ± 25 (10)
10ng/ml 129 ± 31 (12)
100ng/ml 141 ± 16 (12)
1000ng/ml 165 ± 35 (12)
Insulin lunit/ml 88 ± 22 ( 6)
10unit/ml 83 ± 17 ( 6)
Dexamethasone io_7m 117 ± 29 ( 6)
io"5m 99 ± 18 ( 6)
17-ß-Estradiol -910 M 115 ± 23 ( 6)
io"6m 106 ± 7 ( 6)
Progesterone -810 M 116 ± 28 ( 6)
io"6m 116 ± 15 ( 6)
Testosterone -910 M 78 ± 12 ( 5)
io"6m 64 ± 20 ( 6)
Haemin io"8m 248 ± 36 ( 6)#
Dibutyryl cAMP io'5m 89 ± 9 ( 6)






Cardiac extract medium 
serum + serum
Choline acetyltransferase 
% Activity % Activity
Vehicle 100 100
NGF lng/ml 97 ± 9 (6) 120 ± 15 (12)
10ng/ml 91 ± 9 (5) 97 ± 14 (12)
100ng/ml 89 + 26 (5) 90 ± 13 (10)
1000ng/ml 91 ± 12 (6) 95 ± 11 (12)
Insulin lunit/ml 91 ± 20 (6) 96 ± 21 ( 5)
10unit/ml 118 ± 22 (6) 84 ± 15 ( 6)
Dexamethasone io'7m 117 ± 7 (6) 101 ± 23 ( 6)
io'5m 132 ± 22 (6) 93 ± 15 ( 6)
17-ß-Estradiol -910 M 140 ± 13 (5) 89 ± 19 ( 6)
io“6m 85 ± 13 (6) 92 ± 11 ( 6)
Progesterone io"8m 100 ± 18 (6) 104 ± 21 ( 5)
io"6m 86 ± 7 (6) 73 ± 9 ( 6)
Testosterone -910 M 86 ± 11 (6) 83 ± 6 ( 5)
io'6m 62 ± 6 (4) 104 ± 12 ( 6)
Haemin io“8m 99 + 10 (6) 114 ± 8 ( 6)
Dibutyryl cAMP io"5m 103 ± 21 (6) 101 ± 9 ( 6)






Effect of the high and low molecular weight component of cardiac 
extract medium on the maintenance of fourteen day old chicken embryo 
ciliary ganglia.
Medium Choline acetyltransferase 
_______% Activity________
Control 100 ± 23 
Cardiac extract 300 ± 24 
Dialysed cardiac extract 284 ± 19 
Ultrafiltrate of cardiac extract 141 ± 48 
Ultrafiltrate of cardiac extract
after four days incubation at 36.5°C 99 ± 23
Cardiac extract medium lacking serum was dialysed against three changes 
of a ten fold excess of medium lacking serum. Ultrafiltrate was collected 
from cardiac extract medium lacking serum by vacuum dialysis. Inactivated 
horse serum was added to all media after dialysis to give a final 
concentration of 10% (v/v). CAT activity is shown as the mean ± standard 




Photomicrographs of cultured ten day old chicken embryo ciliary 
ganglia.
Ganglia were cultured for four days in either cardiac extract 
medium (A) or basic culture medium (B).
Scale represents 100 ym.
• •
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Change with time of choline acetyltransferase activity in cultured ten 
day old chicken embryo ciliary ganglia.
Ganglia were cultured in cardiac extract medium (•) or control 
medium (o) and the activity of CAT determined at times indicated. 
Enzyme activity is expressed as the mean ± standard error of mean of 
18, 5, 5, 10, 5, 10 cultures respectively.
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FIGURE 5.3
Photomicrographs of cultured eight day old chicken embryo 
ciliary ganglia.
A: zero fibre response; B: 1 fibre response;
C: 2 fibre response; D: 3 fibre response;
E: 5 fibre response; F: 5 fibre repsonse;
G: 5 fibre response with long relatively unbranched axons 
H: 5 fibre response with dense branching network.
Scale represents 200 ym.

• ••
CONCENTRATION OF CARDIAC EXTRACT 
g rat heart 100ml
FIGURE 3.4
Effect of cardiac extract concentration on the fibre response of 
cultured eight day old chicken embryo ciliary ganglia.
Cardiac extract medium was prepared as described in Chapter 2 and 
dilutions, with medium, of this extract were prepared. The concentration 
of inactivated horse serum in all cultures was 10% (v/v).
DAYS INCUBATION
FIGURE 3.5
Effect of the age of the chicken embryo ciliary ganglia on the in vitro 
cardiac extract induced fibre response.
Six ciliary ganglia were dissected from each age of chicken and cultured 
in 9% (w/v) cardiac extract medium as described in Chapter 2 and the 
results expressed as the mean fibre responses of these ganglia.
CONCENTRATION OF SERUM %
FIGURE 3.6
Effect of serum concentration on the cardiac extract induced fibre 
response in eight day old chicken embryo ciliary ganglia.
Cardiac extract medium (10% (w/v)) with different concentrations of serum 
were prepared by diluting a 20% (w/v) cardiac extract medium with 
medium supplemented with different concentrations of inactivated horse 
serum. Six ciliary ganglia were cultured at each concentration of serum 
tested, as described in Chapter 2, and the results expressed as the mean 
fibre response of these ganglia. 0 = ganglia cultured in control medium; 
• = ganglia cultured in cardiac extract medium.
5pH OF MEDIUM
FIGURE 3.7
Effect of the pH of the culture medium on the cardiac extract induced 
fibre response in eight day old chicken embryo ciliary ganglia.
Six ciliary ganglia were cultured in either control or cardiac extract 
medium (10% (w/v)) at each pH, as described in Chapter 2, and the results 
expressed as the mean fibre response of these ganglia. The pH of the 
culture medium did not vary by more than 0.1 during the four day 
incubation. 0 = ganglia cultured in control medium; • = ganglia




Change with time of choline acetyl transferase activity in cultured 
fourteen day old chicken embryo ciliary ganglia.
Ganglia were cultured in basic culture medium (0) or 9% (w/v) cardiac 
extract medium (•) and assayed at times indicated. Enzyme activities 









CONCENTRATION OF CARDIAC EXTRACT
g rat heart 100ml
FIGURE 3.9
Effect of cardiac extract concentration on the level of choline 
acetyltransferase maintained in fourteen day old chickem embryo ciliary 
ganglia.
Cardiac extract medium was prepared as described in Chapter 2 and 
dilutions, with medium, of this extract were prepared. The concentration 
of inactivated horse serum in all cultures was 10% (v/v). Six ciliary 
ganglia were cultured in each concentration of cardiac extract tested 
and the activity of CAT determined as described in Chapter 2. CAT 
activities are expressed as the mean ± standard error of mean.
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FIGURE 3.10
Effect of serum concentration on the cardiac extract medium induced 
maintenance of fourteen day old chicken embryo ciliary ganglia.
Cardiac extract media (10% (w/v)) with different concentrations of 
serum were prepared by diluting a 20% (w/v) cardiac extract medium with 
medium supplemented with different concentrations of inactivated horse 
serum. Ciliary ganglia were cultured in each concentration of serum 
tested and the activity of CAT determined as described in Chapter 2.
CAT activities are shown as the mean ± standard error of mean of 4-6 
ganglia, expressed relative to the activity of ganglia cultured in cardiac 
extract medium including 10% serum. 0 = ganglia cultured in control 
medium; • = ganglia cultured in cardiac extract medium.
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pH OF MEDIUM
FIGURE 3.11
Effect of the pH of the culture medium on the cardiac extract medium 
induced maintenance of fourteen day old chicken embryo ciliary ganglia.
Ciliary ganglia were cultured in either cardiac extract medium 
(10% (w/v)) or control medium at each pH and the CAT activity determined 
as described in Chapter 2. The pH of the culture medium did not vary by 
more than 0.1 during the four day incubation. CAT activities are shown 
as the mean ± standard error of mean of 5-6 ganglia, expressed relative 
to the activity of ganglia cultured in cardiac extract medium, pH 7.2.
0 = ganglia cultured in control medium; • = ganglia cultured in cardiac
extract medium.
FIGURE 3.12
Effect of haemin on the maintenance of fourteen day old chicken embryo 
ciliary ganglia.
Six ciliary ganglia were cultured at each concentration of haemin and 
the CAT activity determined as described in Chapter 2. CAT activities 
are shown as the mean ± standard error of mean. Medium containing 
haemin was prepared by dilution of a stock solution of 20 mM haemin in 
1 M NaOH.
significantly different to ganglia cultured in control medium p < 0.01
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DISCUSSION
Before an efficient assay system could be developed to detect 
factors affecting the ciliary ganglion one or more sources of active 
factor were required. Cardiac conditioned medium and cardiac extract 
medium both satisfied this requirement. The extract medium was used 
in preference to the conditioned medium as it induced a greater fibre 
outgrowth and was more readily available in large quantities. The 
orientation of the assays to the use of tissue extracts has the added 
advantage that tissue extracts are likely to be used in preference to 
conditioned medium in attempts to purify or characterise the active 
factors.
The observation that cardiac and skeletal muscle extract medium 
maintained CAT as well as inducing fibre outgrowth, whereas cardiac 
myocyte and skeletal myotubule conditioned media only induced fibre 
outgrowth, was the first published indication that multiple factors were 
involved in the development of cultured ciliary ganglion neurones (see 
Table 3.1; McLennan and Hendry, 1978). The lack of correlation between 
fibre outgrowth and maintenance of CAT has been confirmed in a more 
extensive study reported and discussed in Chapter four.
As the ciliary ganglion matured it lost its ability to extend 
fibres in cardiac extract medium. This change was first evident between 
the eleventh and twelfth days of incubation and was complete between the 
fourteenth and sixteenth days. The period of this change is temporally 
correlated with several major developmental events. It is during this 
period that cell death and formation of synapses with the iris is 
nearing completion, and the intrinsic and extrinsic CAT activity is 
increasing rapidly (Landmesser and Pilar, 1978). Whether the lack of
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fibre outgrowth in older ganglia reflects changes in their metabolism, 
which results in a different response to cardiac extract medium, or 
a change in the ability of the ganglia to respond to the active factor 
is unknown. A similar effect has been observed with the NGF induced 
fibre outgrowth from chicken embryo DRG (Winick and Greenberg, 1965).
The variation in the fibre outgrowth in the explanted ganglia may 
be due in part to problems with adhesion of the ganglia to the culture 
substratum. This problem can be overcome by the use of a thick 
collagen substratum which results in a more uniform fibre halo around 
the ganglion (Bonyhady and Hill, personal communication). The 
variability observed may also be due, in part, to small differences in 
the handling of the ganglia which result in different amounts of 
adherent capsule remaining or with some other small change in the 
environment during the dissection and plating out.
The cardiac conditioned medium induced fibre outgrowth from 
dissociated ciliary ganglion neurones is dependent on the nature of the 
culture substratum. A rapid fibre outgrowth occurs when the neurones 
are cultured on a positively charged surface such as polyomithine 
(PORN) but not when cultured on plastic (Helfand et al. 3 1976) or 
collagen (Varon et al.3 1979).
The failure of Varon and co-workers to observe fibre outgrowth on 
a collagen substratum is at variance with observations using explant 
cultures, reported in Table 3.1. This apparent discrepancy probably 
reflects the different incubation lengths used in the two studies.
Varon et al. (1979) assayed their cultures after a twenty-four 
incubation, a period which is insufficient to detect fibre outgrowth 
from conditioned media using explant ganglia and a collagen substratum. 
The rate of fibre outgrowth from explanted ganglia is more rapid on
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PORN than collagen. However, attachment of ganglia to PORN is poor 
and variable, making it an unsuitable substratum for use with explant 
cultures (Bonyhady, Hendry and McLennan, unpublished observations).
The influence of the PORN substratum on fibre outgrowth is mediated by 
a trypsin sensitive factor. When bound to PORN this factor induces 
fibre outgrowth but is unable to cause neuronal survival. Conversely, 
when cardiac conditioned medium is depleted of this factor it is unable 
to induce fibre outgrowth but will maintain neuronal survival (Collins, 
1978a, b). The ability of heart conditioned medium to cause neuronal 
survival is independent of the culture substratum (Varon et al. 3 1979). 
The factor which binds to PORN is presumably not the only factor which 
is capable of influencing fibre outgrowth in this indirect manner as 
chicken embryo extract (Varon et al. 3 1979) and cardiac extract medium 
(Bonyhady and Hill, personal communication) induced fibre outgrowth from 
dissociated ciliary ganglion neurones is enhanced on collagen compared 
to PORN substratum. Interference from factors which cause an enhance­
ment of fibre outgrowth by increasing the adhesiveness of the growth 
cone to the culture substratum is potentially a major problem with the 
use of fibre outgrowth as a bioassay for factors which directly 
influence the neurone. In particular, this is likely to be a problem 
when such assays are used in connection with purification schemes, as 
activity may be lost when the directly and indirectly acting factors 
are separated. The possibility that interference from indirectly 
acting factors may be avoided by preincubating the culture substratum 
with an unfractionated extract needs to be investigated.
The dependence of the fibre response on pH may be related to 
changes in an ionic interaction between the growth cone and culture 
substratum, of the type discussed above. Alternatively, it may reflect 
changes in the physico-chemical properties of the active factors in
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their interaction with receptor or sites for internalisation. The 
pH effect could also be related to intracellular events promoted by 
the active factors, such as microtubule polymerisation. The overall 
mechanism for fibre outgrowth is much more sensitive to changes in 
extracellular pH than is the mechanism for the maintenance of CAT.
The presence of a buffering system in the tissue culture media 
was essential to prevent the media rapidly becoming acidic. The 10% 
CO2/44 mM NaHCO^ buffer and the HEPES buffer were found to be quite 
suitable for the production of a fibre outgrowth and maintenance of 
CAT activity. The bicarbonate buffer gave a slightly greater fibre 
response, but was not suitable for the routine preparation of tissue 
extracts because of its poor buffering capacity and the rapid rise in 
pH in the absence of CC^. A HEPES buffer (50 mM) was thus used for 
the preparation of extract media and in basic culture medium.
The dependence of fibre outgrowth on the presence of serum 
demonstrates the multifactorial nature of this response. Serum 
appeared to contain low levels of a factor that promotes fibre 
outgrowth, as shown by the fibre response induced by high levels of 
serum. This factor may be the same as that in the cardiac extract. 
However, the synergism shown between cardiac extract and serum 
suggests that there is at least one factor in serum which differs from 
the active factor(s) in cardiac extract. Whether the factor in serum 
affects the neurone directly or indirectly is unknown.
Concurrent with the development of this assay Varon et al.3 (1979) 
have developed a similar assay based on fibre outgrowth from dissociated 
neurones. The decision to develop an assay based on explant rather than 
dissociated cell culture was based on the following premises. Ganglionic 
non-neuronal cells are thought to exert trophic influences on their 
neurones (Varon and Bunge, 1978). Thus it is possible that a neurone’s
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trophic requirements may be altered when the structural integrity of 
the ganglion is destroyed. Such a change has been observed with 
cultures of embryonic mouse and chicken spinal cord. In dissociated 
cell but not explant culture of spinal cord the maturation of CAT 
levels is dependent on the conditioning influences of skeletal 
myotubules (Meyer et al.3 1979). Furthermore, in the absence of non­
neuronal cells NGF will not elicit neuronal attachment of, and fibre 
outgrowth from, dissociated DRG (Varon et al. 3 1974a).
Clearly the presence of non-neuronal cells in the culture may 
also be detrimental due to their possible synthesis and release of 
either the factor which is being detected by the assay or some factor 
which changes the nature of the neurones (see Chapter 5). It was also 
considered possible that the inevitable cell damage occurring during 
dissociation may cause erroneous results in a dissociated cell culture 
assay because of the probable requirement for cell repair to occur 
prior to the induction of fibre outgrowth.
On technical considerations it was also expected that the use of 
explant cultures would be superior as they could be set up and scored 
quicker than dissociated cell cultures. However, despite the 
optimisation of culture conditions the incubation period required to 
give a reliable measure of fibre outgrowth from explant ganglia could 
not be reduced below four days, whereas dissociated cell cultures may 
be scored after a twenty-four hour incubation. This is a major and 
serious drawback to the use of an explant culture assay. Experience 
in this laboratory indicates that a four day assay is unsuitable when 
used in conjunction with protein purification schemes (Bonyhady and 
Hendry, personal communication).
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The initial decay in CAT activity in ganglia cultured in cardiac 
extract medium will be due, in part, to degeneration of the cholinergic 
presynaptic fibres and terminals. In ciliary ganglia from adult 
pigeons 60% of the CAT activity has been estimated to be located in 
the presynaptic element (Giacobini et al. 3 1979). In addition, there 
will be a loss of CAT activity in the postsynaptic neurones resulting 
from the death of the more centrally located neurones of the explant, 
which presumably receive inadequate nutrition.
The maintenance of CAT by cardiac extract medium occurred in the 
absence of serum. This is in marked contrast to the induction of fibre 
outgrowth by cardiac extract medium (Figure 3.6), cardiac conditioned 
medium and chicken embryo extract (Tuttle et al.3 1978; Varon et al. 3 
1979), all of which are absolutely dependent on the presence of serum.
This may be related to the different ages of ganglia used in these 
studies: fourteen day old for the maintenance of CAT and seven or
eight day old in the other studies. It is also possible that serum and 
cardiac extract medium contain a factor which occurs in significantly 
lower levels in cardiac conditioned medium and embryo extract. The 
observed synergism between low concentrations of serum and the cardiac 
extract medium in maintaining CAT activity, however, suggest that more 
than one factor is involved in this phenomenon and that neither cardiac 
extract medium nor serum contains optimal quantities of all the factors 
involved.
The induction of TH in SCG by NGF is modulated by glucocorticosteroids 
(Otten and Thoenen, 1976a, b). The possibility that the maintenance of 
CAT activity in the ciliary ganglia could also be enhanced by a hormone, 
thus increasing the sensitivity of the assay, was therefore examined. 
Neither insulin, NGF, dibutyryl cAMP nor various steroid hormones, 
however, affected the maintenance of CAT activity.
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Haemin influences cultured neural crest derived neurones. It promotes 
fibre outgrowth from neuroblastoma (Ishii and Maniatis, 1978), survival 
and fibre outgrowth from dissociated DRG and ciliary ganglia and 
increases the activity of tyrosine hydroxylase in explanted SCG 
(Bonyhady, Hendry and Hill, personal communication). In this study 
haemin increased the level of CAT in explanted ciliary ganglia but did 
not enhance the effect of cardiac extract. Since haemin has been shown 
to increase protein synthesis in a variety of cell types (Revel and 
Groner, 1978), the influence of haemin on the ciliary ganglion may be 
due to stimulation of neuronal protein synthesis with resultant cell 
maintenance.
The maintenance of CAT by low concentrations of haemin raised the 
possibility that part of the activity of cardiac extract was due to 
the presence of haemin. This, however, appears unlikely as cardiac 
extract medium is active after desalting on a Biogel P4 column (Table 3.4), 
and does not lose activity on dialysis (Table 3.6), indicating that the 
active factor(s) in the extract are of high molecular weight. Further­
more, significant quantities of haemin are not produced during the 
incubation, by the breakdown of high molecular weight haeme containing 
proteins, such as haemoglobin and myoglobin, as the ultrafiltrate of an 
incubated extract does not maintain CAT activity.
The elevated levels of CAT in ganglia cultured in cardiac extract 
medium may result from either an increased neuronal survival, a general 
anabolic stimulation of the neurones, a specific induction of CAT 
protein, or a combination of these mechanisms. In vivo3 there is a large 
increase in the specific activity of CAT between the fourteenth day of 
incubation and hatching (Chiappinelli et at. 3 1976; Sorimachi and 
Kataoka, 1976), a period which corresponds to the first eight days in
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culture. Such an increase was not observed in ganglia cultured in 
cardiac extract. This may be because cardiac extract medium lacks a 
complete complement of factors, which are required for normal develop­
ment of the ciliary ganglion, or has inadequate levels of factor to 
cause long term survival or CAT induction. By analogy with the action 
of NGF on sympathetic neurones (Hill and Hendry, 1976) it would be 
expected that lower concentrations of factor would be required for 
short term survival and maintenance than for long term survival and 
enzyme induction. Alternatively, cardiac extract medium may contain 
neurotoxic compounds which antagonise long term survival or CAT 
induction in these cultures.
CAT induction and neuronal survival in dissociated cultures of 
seven or eight day old chicken embryo ciliary ganglia have been studied 
in other laboratories using chicken embryo extract or cardiac conditioned 
medium as sources of active factor. Conflicting observations have been 
reported by these groups. Cardiac conditioned medium and chicken 
embryo extract have been variably reported to cause either short, medium
or long term survival. There is agreement, however, that chicken
»embryo extract causes a greater neuronal survival than does cardiac 
conditioned medium (Nishi and Berg, 1977, 1979; Tuttle et al.3 1978; 
Varon et al., 1979). Both cardiac conditioned medium and chicken embryo 
extract have been reported to cause a marked increase in CAT over the 
first two weeks in culture (Tuttle et al.s 1978; Nishi and Berg, 1979). 
CAT activity has also been reported to be elevated after one day in 
culture (Varon et al.3 1979).
The mechanism and significance of the effects of cardiac extract 
medium, cardiac conditioned medium and chicken embryo extract on 
cultured ciliary ganglia awaits the characterisation of the active
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factors in each source. The evidence to date suggests that the 
development of the ciliary ganglion in vitro is influenced by 
multiple factors, and that various sources used in the above studies 
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COMPARISON OF BIOASSAYS AND FACTORS
INTRODUCTION
A wide variety of tissue culture systems have been developed to 
study the differentiation, determination and maturation of neurones, 
and these systems are potentially useful as assays for the detection 
of factors affecting neuronal development.
The specification of transmitter type in the SCG is the most 
extensively studied of these systems. In vivo this ganglion is pre­
dominantly adrenerergic but when immature SCG are cultured in certain 
conditioned media the neurones switch to a cholinergic phenotype 
(Patterson, 1978). This change in phenotype can be monitored by 
measuring the increase in the level of the cholinergic marker enzyme,
CAT, or the change in the ratio of CAT to the adrenergic marker enzyme,
TH (see chapter 5 for an extensive discussion of this phenomenon).
Thus, the level of CAT or CAT to TH in cultured SCG can be used as a bio­
assay for factor(s) inducing a cholinergic phenotype.
A similar phenomenon has been observed in cultures of the rat 
pheochromocytoma cell line, PC12. When exposed to NGF these cells cease 
dividing, extend neurites and synthesise noradrenaline (Greene and 
Tischler, 1976). Like immature SCG neurones these cells respond to 
certin conditioned media with the induction of cholinergic properties 
(Schubert et al.3 1977; Schubert and Klier, 1977; Green and Rein, 1977). 
The PC12 cells are themselves the most potent source of conditioned 
medium for the differentiation of cholinergic properties (Schubert 
et al.3 1977). This, I think, makes this cell line unsuitable as an 
assay for the factor(s) active in this system. The PC12 line may, 
however, be a useful source of factors which influence neural crest
differentiation.
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Two systems based on parasympathetic ganglia have been examined: 
the chicken ciliary ganglion and mouse submandibular ganglion. The 
use of the ciliary ganglion in bioassays has been discussed in chapter 3.
The survival of mouse submandibular ganglia in vitro is stimulated 
by salivary gland epithelium, its target tissue. Salivary gland 
epithelium can stimulate fibre outgrowth over distances of up to 0.5mm 
and even when the two tissues are separated by a 0.1pm filter, indicat­
ing that the epithelium is releasing a diffusable factor (Coughlin,
1975). Initial characterisation of this factor indicates that it is a 
heat-sensitive protein which is distinct from NGF (Coughlin, 1975;
Coughlin and Rathbone, 1977).
Both sympathetic and sensory ganglia will respond to two distinct 
factors in vitro. As discussed in chapter 1, NGF will cause survival 
and fibre outgrowth in cultured sensory and sympathetic ganglia. When 
chicken embryo sensory and sympathetic ganglia are co-cultured with 
explants of heart the resulting fibre outgrowth is not inhibited by 
NGF-AS, implicating the involvement of a factor distinct from NGF 
(Ebendal and Jacobson, 1977a, b). A factor, distinct from NGF, inducing 
fibre outgrowth from sensory neurones has also been detected in C-6 
glioma conditioned medium (Barde et al.3 1978) and various tissue extracts 
with highest quantities occurring in liver and heart extracts (Lindsay 
and Talbot, 1979; Ebendal et al.3 1979).
Partial fractionation of chicken heart extract yields two active 
fractions, with the major fraction having a molecular weight of approxim­
ately 40,000 dalton, and the minor fraction having a molecular weight 
greater than 100,000 dalton. The active fractions stimulated fibre 
outgrowth from explants of chicken DRG, sympathetic and ciliary ganglia 
(Ebendal et at. 3 1979).
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The induction of fibre outgrowth from clonal cell lines can be used 
as the basis of bioassays. Monard and co-workers have used the mouse 
neuroblastoma clone NB-2a to partially purify a lipoprotein from C-6 
glioma cell conditioned medium (Monard and Rentsch, 1978), which they 
have named glial factor. Glial factor has been detected in a wide 
variety of conditioned media with the highest concentrations being obtained 
in media from glial cell cultures (Monard et at. 3 1973; Schurch-Rathgeb 
and Monard, 1978). Glial factor is distinct from NGF and will not induce 
fibre outgrowth from either sensory or sympathetic ganglia (Monard et at.3 
1975).
PC12 cells also respond to C-6 glioma cell conditioned medium by 
extending fibres. The active factor in this system has a molecular weight 
of approximately 50,000 dalton and is distinct from NGF (Edgar et al.3 
1979).
Several models utilising cultures of central neurones have been 
developed, but these, with the exception of spinal cord cultures, will not 
be discussed. When dissociated spinal cords are co-cultured with muscle 
they form synapses which are morphologically and electrophysiologically 
similar to neuromuscular junctions (James, D.W. and Tresman, 1968;
Peterson and Crain, 1970; Fischbach, 1970, 1972; Shimada et at. 3 1970).
In these co-cultures there is a dramatic increase in the specific 
activity of neuronal CAT (Giller et at.3 1973). Enrichment of spinal 
cord cultures with motoneurones amplifies the induction of CAT in co­
cultures with skeletal muscle suggesting that the change in enzyme 
activity is occurring within the motoneurones (Berg and Fischbach, 1978).
The extend of induction of CAT is proportional to the concentration 
of muscle conditioned medium in the culture and the length of incubation 
(Giller et at.3 1977), thus making the change in the activity of this
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enzyme suitable as an assay for the factor active in this system.
Initial characterisation of the factor indicates that is has a 
molecular weight in excess of 50,000 dalton and is stable when heated 
to 58°C for 20 minutes (Giller et al.3 1977).
In conclusion there are a variety of tissue culture systems which 
are potentially useful as assays for factors affecting neuronal develop­
ment. However, the number of factors involved in these systems is unknown. 
The object of the studies reported in this chapter was to determine whether 
a selection of these assays were responding to one or more factor, in order 
to estimate the number of factors involved in peripheral neuronal develop­
ment and to determine the most effective assay for each putative factor. 
These studies were also designed to determine whether the response 
occurring in a given assay required one or multiple factors for the 
maximal effect, and to discover the most active source of each factor.
The assays examined were the induction of CAT in the spinal cord, SCG 





There was no correlation between the relative potencies of a 
variety of media in the spinal cord, SCG and ciliary ganglion assays 
(Tables 4.1 and 4.2).
When dissociated spinal cord cultures were grown in conditioned or 
extract media the cell viability was always reduced. In comparison to 
cultures grown in basic culture medium, there were fewer fibres and a 
marked increase in the number of degenerating cells. Of the various 
conditioned media tested only skeletal myotube caused an induction of 
CAT in this assay (Table 4.1). The extent of this induction was variable, 
and in a few experiments no induction or inhibition was observed.
Skeletal myotube and cardiac myocyte conditioned and cardiac 
extract media all induced CAT, to a similar extent, whereas salivary 
gland, liver and lung conditioned media and skeletal muscle extract 
medium were without effect in the SCG assay (Tables 4.1 and 4.2).
The extract media of cardiac and skeletal muscle were considerably 
more potent in inducing fibre outgrowth from cultured ciliary ganglia 
than the corresponding conditioned medium. Salivary gland and lung 
conditioned media caused only minimal fibre outgrowth, and liver 
conditioned medium was inactive (Table 4.2).
B. Distribution of factors in extract media
The factor responsible for the maintenance of CAT activity in 
cultured ciliary ganglia was widely distributed, occurring in the extract 
media of all rat tissues examined, with the lung and ventricle extract
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media being the most active (Table 4.3). Ventricle extract media 
prepared from rat, chicken, cat, pig or mouse, but not from cow or 
sheep, maintained CAT levels (Table 4.4). Ventricle extract media 
prepared from adult and young, male and female rats were all active 
(Table 4.5).
The factor inducing fibre outgrowth from cultured ciliary ganglia 
was also widely distributed, occurring in atrium, aorta, ventricle, 
muscle and brain extract media. Liver and lung extract media were both 
without effect in this assay (Table 4.3). Ventricle extract media from 
all species tested, and from young and adult rats of both sexes, 
induced fibre outgrowth from ciliary ganglia (Tables 4.4 and 4.5).
The factor active in increasing the ratio of CAT to TH in cultured 
SCG was present only in ventricle and aortic extract media. Liver 
extracts caused the reverse phenomenon, that is, they significantly 
decreased the CAT to TH ratio (Table 4.3). Ventricle extract media 
prepared from all species except mouse increased the CAT to TH ratio, 
with rat, pig and cow extract media being the most active (Table 4.4). 
Young rat ventricle extract medium did not alter the CAT to TH ratio 
(Table 4.4).
Atrium, aorta and ventricle extract media induced fibre outgrowth, 
from the NGF-insensitive DRG, while lung, muscle, brain and liver extract 
media were without effect (Table 4.3). Ventricle extract media prepared 
from rat, chicken, cat, pig and mouse, but not from sheep or cow, were 
active (Table 4.4). In contrast to adult rat ventricle extract media, 
young rat ventricle extract medium did not induce fibre outgrowth 
(Table 4.5).
Concentrations of NGF between lng/ml and 1 yg/ml did 
not induce fibre outgrowth from either 8 day old chicken ciliary or 14 
day old chicken DRG (Table 4.7).
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There was a significant positive correlation between the CAT 
activity and the CAT to TH ratio in SCG cultured in the various extract 
media. The CAT activity induced by a particular extract medium was not 
inversely correlated with the TH activity in the same ganglion. The 
ability of an extract medium to alter the CAT to TH ratio in cultured 
SCG was significantly correlated with the induction of fibre outgrowth 
from both ciliary ganglia and NGF-insensitive DRG, but was not correlated 
with the maintenance of CAT activity in the ciliary ganglia. The 
stimulation by an extract medium of CAT activity in ciliary ganglia was 
not correlated with its ability to induce fibre outgrowth from these 
ganglia or from NGF-insensitive DRG. The extent of fibre outgrowth from 
ciliary ganglia was correlated with that from NGF-insensitive DRG 
(Table 4.6).
C. Chromatography of ciliary factors'*'
When adult rat heart extract was fractionated by gel filtration 
(Bio-Gel P60) three major components were obtained, with molecular 
weights of the order of 60,000, 30,000 and 20,000 dalton. The 20,000 
and 60,000 dalton fractions maintained CAT activity in cultured 10 day 
old chicken embryo ciliary ganglia, but had only minimal effect on fibre 
outgrowth. The 30,000 dalton component, on the other hand, stimulated 
fibre outgrowth in these ganglia but had only a minimal effect on the 
maintenance of CAT activity (Figure 4.1).
Fractionation of beef ventricle extract by ion-exchange chroma­
tography on DEAE-cellulose (Whatman DE 52) at pH 7.4 yielded three peaks
1. The experiments reported in this section were carried out in 
collaboration with Mrs R.E. Bonyhady.
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of activity. The first two peaks eluted at salt concentrations of 
0.08 - 0.12M and 0.13 - 0.15M and stimulated fibre outgrowth, but did 
not maintain CAT activity in cultured 10 day old chicken embryo ciliary 
ganglia. The first of these two peaks was the more active (Figure 4.2). 
When the fractions contributing to the first peak were pooled and 
refractionated on a Bio-Gel P60 column a single peak of activity, 
inducing fibre outgrowth, was detected with a molecular weight in the 
order of 40,000 dalton. No fraction from this column maintained CAT 
activity (Figure 4.3).
The third peak from the DE 52 column, which overlapped the second 
peak, was eluted at a salt concentration of 0.15 - 0.17M. This peak 
maintained CAT activity but did not induce fibre outgrowth (Figure 4.2). 
When pooled and refractionated on Bio-Gel P60 it yielded two peaks of 
activity which maintained CAT activity, with molecular weights in the 
order of 40,000 and 20,000 dalton. No fraction from this column induced 
fibre outgrowth (Figure 4.4).
D. Comparison of chromatography fractions in the different assays*
The fractionation of a beef ventricle extract on Whatman DE 52 is 
shown in Figure 4.5. This fractionation differs from that reported in 
section C of this chapter in that the column was run at pH 7.2, 
compared to 7.4, and a steeper salt gradient was used during the elution. 
Peaks of activity, inducing fibre outgrowth from eight day old chicken 
embryo ciliary ganglia, were detected at salt concentrations of 
0.07 - 0.11M, 0.11 - 0.15M, 0.18-0.22M and 0.28 - 0.33M. The fractions
1. The experiments reported in this section were carried out using 
chromatography fractions provided by Mrs R.E. Bonyhady.
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contributing to the first two peaks were pooled and designated fraction 
A, while those contributing to the third peak were pooled and designated 
fraction B (see Figure 4.5).
The initial extract, fraction A and B all induced fibre outgrowth 
from ciliary ganglion, with fraction B and the initial extract being 
slightly more potent than fraction A. Fraction A and B were also 
capable of inducing fibre outgrowth from DRG and increasing CAT and the 
CAT to TH ratio in SCG. Neither fraction A nor B, however, maintained CAT 
activity in fourteen day old chicken embryo ciliary ganglia, even though 
the initial extract was potent in this respect (Table 4.8).
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TABLE 4.1 Comparison of the effect of muscle conditioned media on
choline acetyltransferase activity in cultured spinal cords 




nmole x h * x culture ^
Spinal cord
Control 1.20 , 1.84 0.14 , 0.11
Cardiac myocyte
conditioned medium 3.30 , 3.88 0.07 , 0.09
Skeletal myotube
conditioned medium 4.62 , 3.74 1.09 , 0.76
SCG and spinal cord cultures were incubated for 21 days and the 
CAT activity then measured as described in Chapter 2.
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TABLE 4.2
Comparison of the effect of various media on cultured superior cervical 







h  ^x culture *
Ciliary ganglion 
Relative fibre outgrowth
Control 260 ± 30 (6) 130 ± 10 (3) 0 (10)
Conditioned media
Cardiac myocyte 1060 ± 130 (3) 110 ± 10 (3) 2 ( 6)
Skeletal myotube 1400 ± 170 (6) 190 ± 30 (3) 1 ( 6)
Salivary gland 340 ± 60 (6) 10 ± 10 (3) 1 ( 6)
Liver 490 ± 160 (6) 10 ± 10 (3) 0 ( 6)
Lung 430 ± 110 (6) 10 ± 10 (3) 1 ( 6)
Extract media
Cardiac 1050 ± 120 (5) 20 ± 10 (6) 5 (10)
Skeletal muscle 340 ± 40 (6) 20 ± 10 (6) 3 ( 4)
SCG, spinal cord and ciliary ganglion cultures were incubated for 14, 14 
and 4 days respectively and the CAT activity and fibre response then 
determined. Results are expressed as the mean ± standard error of mean 
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Gel filtration of rat heart extract on Bio-Gel P60.
A rat heart extract was prepared and chromatographed on a Bio-Gel P60 
column as described in Table 2.3. The fibre outgrowth and maintenance 
of CAT activity induced by each fraction was then determined as described 





Ion exchange chromatography of beef ventricle extract.
A beef ventricle extract was prepared and chromatographed on a Whatman 
DE 52 column as described in Table 2.3. The fibre outgrowth and maintenance 
of CAT activity induced by each fraction was then determined as described 
in Chapter 2, using ciliary ganglia from 10 day old chicken embryos. The 
vertically and horizontally striped zones were pooled and rechromatographed 
on Bio-Gel P60 (Figures 4.3 and 4.4 respectively).
00 c
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FIGURE 4,5
Gel filtration of ion exchange fractions on Bio-Gel P60.
The three fractions from the DE 52 column with the highest activity in 
the ciliary ganglion fibre assay (vertically striped zone of Figure 4.2) 
were pooled and rechromatographed on Bio-Gel P60 as described in Table 
2.3. The fibre outgrowth and maintenance of CAT activity induced by each 
fraction was then determined as described in Chapter 2, using ciliary 




Gel filtration of ion exchange fractions on Bio-Gel P60.
The three fractions from the DE 52 column with the highest activity in 
the ciliary ganglion CAT assay (horizontally striped zone of Figure 4.2) 
were pooled and rechromatographed on Bio-Gel P60 as described in Table 
2.3. The fibre outgrowth and maintanance of CAT activity induced by 
each fraction was then determined as described in Chapter 2, using ciliary 














Ion exchange chromatography of beef ventricle extract.
A beef ventricle extract was prepared and chromatographed on a Whatman 
DE 52 column as described in Table 2.3. The fibre outgrowth induced by 
each fraction was then determined as described in Chapter 2, using 
ciliary ganglia from 8 day old chicken embryos. The vertically striped 
(designated fraction A) and horizontally striped (designated fraction B) 






The number of factors affecting the various assays was examined by 
simultaneously comparing a variety of possible sources of factor in the 
different assays. If only one factor was responsible for the change seen 
in each of the assay systems then the relative potency of each source of 
factor should be the same in each of the assay systems. If, however, 
the different responses were due to different factors then one or more 
of the sources may be differentially active in one of the assay systems.
The demonstration that two assay systems are responding to different 
factors does not exclude the possibility that one of the factors is active 
in both assays. For instance, fibre outgrowth from cultured SCG is 
stimulated by both NGF and a non-NGF factor, whereas induction of TH in 
the same ganglion is stimulated by NGF, a non-NGF factor and 
glucocorticosteriods. Thus although NGF stimulates both fibre outgrowth 
and TH induction the relative effects of a variety of sources on these 
two parameters are likely to be uncorrelated due to the effects of 
glucocorticosteriods and the non-NGF factors.
The presence of either indirectly acting factors or toxins could 
produce spurious conclusions when this technique is used. For instance, 
if the different sources contained variable amounts of a factor which 
altered the adhesiveness of fibres to the culture surface, then assays 
based on fibre outgrowth may appear to be responding to an additional 
factor when compared to an assay based on enzyme induction.
Similarly, if variable amounts of toxin are present in the sources, 
and these toxins differentially affect one type of neurone, then 
apparently different relative potencies of the sources could be obtained.
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This problem is most likely to be encountered in comparisons involving 
the SCG assay as added NGF is likely to make this ganglion less sensitive 
to the presence of toxins. When the comparison is between two parameters 
in the same culture system, for instance, CAT and TH activity in the SCG, 
these reservations are less likely to be applicable.
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DISCUSSION
The spinal cord assay was found to be unsuitable for the use in 
purification schemes for two reasons. Firstly, only one active source 
of factor was found and even this gave variable induction, with at 
least a fourteen day incubation being required to obtain a significant 
induction of CAT (see Giller et at. (1973, 1977)). Secondly, the spinal 
cord cell cultures were extremely sensitive to manipulations of the 
culture medium. As a consequence of the second problem the study of the 
spinal cord assay was discontinued after the preliminary experiments.
Of the various tissues examined, ventricle, atrium and aorta 
extract media were the richest sources of factor(s) which induce fibre 
outgrowth from ciliary ganglia (Table 4.3), suggesting that heart may 
be the best source from which to purify this factor. There was only 
minor species differences in the ability of ventricle extract media to 
induce fibre outgrowth (Table 4.4). The larger size of the pig or sheep 
heart, relative to that of the mouse, rat, chicken and cat, however, 
makes the use of one of these two species preferable.
For similar reasons to the above, the factor(s) maintaining CAT 
in ciliary ganglia may be best purified from either lung or heart, with 
pig being the most suitable species (see Tables 4.3 - 4.5).
The factors inducing fibre outgrowth and those maintaining CAT in 
ciliary ganglia are different. This is indicated by the lack of 
correlation between the induction of fibre outgrowth and maintenance of 
CAT in ciliary ganglia (Tables 3.1, 4.3 - 4.6), and the isolation of 
fractions from rat and beef heart which either maintain CAT activity 
or induce fibre outgrowth, but not both (Figures 4.1 - 4.4 and Table 4.8). 
The lack of correlation between these two assays cannot be explained on
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the basis of selective toxicity as fibre outgrowth and CAT activity 
were not correlated when both parameters were measured in the same 
ganglion (Table 3.1).
The maintenance of CAT activity in ciliary ganglia was not 
correlated with any other parameter. This is consistent with chromato­
graphic studies where induction of fibre outgrowth from DRG and 
increased CAT to TH ratio in SCG occurred in the absence of maintenance 
of CAT activity in the ciliary ganglia (Table 4.8).
The correlation between the stimulation of fibre outgrowth from 
the ciliary ganglia and that from the DRG suggests that there is a common 
factor involved. Both of these parameters were also correlated with the 
CAT to TH ratio of the SCG (Table 4.6). Since the CAT activity in the 
SCG was not correlated with the fibre production (Table 4.6) then the 
factor which induces a change from an adrenergic to a cholinergic pheno­
type may be the same as that which promotes fibre production from both 
ciliary and DRG. This contention is consistent with chromatographic 
studies. The factor(s) in beef ventricle extract which induces fibre 
outgrowth in ciliary and DRG, and increases the CAT to TH ratio in SCG, 
co-chromatograph on ion exchange (Table 4.8), and the factors in chicken 
heart which induce fibre outgrowth in ciliary, DRG and SCG co­
chromatograph on gel filtration (Ebendal et al. 3 1979).
The increase in CAT activity in the SCG was not correlated with a 
decrease in TH activity (Tables 4.3 - 4.6). Some extracts, such as cow 
or sheep ventricle, caused large increases in CAT activity with little 
or no effect on TH, suggesting that a switching of a phenotype from 
adrenergic to cholinergic is not the only phenomenon occurring in these 
cultures. In contrast, when dissociated SCG neurones are cultured in 
different concentrations of ganglionic non-neuronal conditioned medium 
there is an inverse correlation between acetylcholine and noradrenaline 
synthesis (Patterson and Chun, 1977a).
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The lack of correlation observed in the present study can be 
explained by the existence of another factor, in addition to the one 
which induces a change in phenotype, which can increase the activity 
of CAT and/or TH, in a manner analogous to NGF.
Unlike all other extract media, liver antagonised the increase in 
CAT without altering TH activity (Table 4.3). Whether liver extract 
medium contains an additional factor which inhibits the differentiation 
of cholinergic neurones by antagonising one of the above factors, or 
contains a substance which is selectively toxic for cholinergic neurones, 
is unknown. Dissociated SCG grown in medium conditioned by liver cells 
also fail to show substantial acetylcholine synthesis (Patterson and 
Chun, 1977a).
NGF was not responsible for any of the above effects. SCG were 
grown in the presence of a concentration which caused maximal stimulation 
of both CAT and TH (Hill and Hendry, 1977), and NGF had no effect on the 
CAT activity of ciliary ganglia or on the production of nerve fibres 
from the DRG of ciliary ganglia used in this study (Table 4.7). This 
is consistent with previous studies which have shown that the stimulation 
by conditioned medium of fibres from ciliary and DRG of chicken embryos 
was not due to NGF (Helfand et al.3 1978).
In summary, at least three different factors have been detected in 
the assays examined. The factor(s) inducing fibre outgrowth in the 
ciliary ganglion is distinct from the factor(s) maintaining CAT in the 
same ganglia, and appears to induce fibre outgrowth from DRG and CAT in 
the SCG. The induction of cholinergic properties in the SCG involves 
two factors, and possibly a third which can antagonise this induction.
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CHAPTER 5
SPECIFICATION OF TRANSMITTER TYPE IN THE 
SUPERIOR CERVICAL GANGLION
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SPECIFICATION OF TRANSMITTER TYPE IN THE 
SUPERIOR CERVICAL GANGLION
Introduction
New born rat SCG grown in dissociated cell culture, in the virtual 
absence of non-neuronal cells, develop an adrenergic phenotype (Mains 
and Patterson, 1973 a,b,c; Patterson et al.3 1975). In contrast, 
when cultured in the presence of appropriate non-neuronal cells, 
including ganglionic non-neuronal cells, or medium conditioned by these 
cells, they develop a cholinergic phenotype (Patterson and Chun, 1974, 
1977a; O'Lague et al. s 1974, 1975; Patterson, 1978). Similarly, 
when intact SCG are grown in organ culture, where they are in close 
proximity to ganglionic non-neuronal cells, the ganglia have increased 
CAT levels (Hill and Hendry, 1977) and form cholinergic synapses with 
effector organs such as heart, iris and vas deferens (Purves et dl. 3 
1974; Crain and Peterson, 1974; Hill et al. > 1976).
The development of neurones with a cholinergic phenotype is due 
to induction of cells which had previously expressed an adrenergic 
phenotype, rather than the selective survival of a cholinergic sub­
population (Patterson, 1978). Thus, as synthesis of acetylcholine 
increases in these cultures, the synthesis of noradrenaline decreases 
(Patterson and Chun, 1977a).
The determination of SCG neurones is slower in cell culture than 
in vivo. In vivo adrenergic neurones become determined between the fifth 
and fifteenth days postnatal, with ganglia from older animals being 
unable to develop cholinergic characteristics in vitro (Ross et al.3 
1977; Hill and Hendry, 1977; Hill et al., 1980). In contrast, SCG 
neurones from two day old rats require thirty to forty days in culture 
to become determined in either an adrenergic or a cholinergic phenotype 
(Patterson and Chun, 1977b).
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If ganglionic non-neuronal cells release a factor which induces 
cholinergic properties in vitrOj why is the SCG not cholinergic in 
vivo? Neuronal development in vitro differs from that occurring in vivo 
in that in culture there are no pre- or postsynaptic or circulating 
hormonal influences.
Depolarisation of SCG neurones in vitro makes them insensitive to 
induction by appropriate conditioned medium, and so the onset of 
neuronal activity following innervation of the ganglion has been 
postulated to be the final determinant of transmitter function (Walicke 
et al. 3 1977). Against this argument are the observations that 
dissociated SCG neurones still form cholinergic interneuronal synapses 
when innervated by spinal cord explants (Ko et al.3 1976), and intact 
SCG synthesise CAT when cultured in the presence of the acetylcholine 
agonist carbachol (Hill, personal communication). Furthermore, 
prevention of depolarisation of SCG neurones in vivo by transection of 
the preganglionic trunk (decentralisation) does not slow the determination 
of the neurones, nor alter their adrenergic character, indicating that 
the preganglionic input cannot be the sole determinant of transmitter 
function (Hill and Hendry, 1979; Hendry and Hill, 1979).
Postsynaptic influences are also unlikely to be involved in 
maintaining the adrenergic nature of the SCG in vivo as co-culture of 
SCG neurones with a prospective target tissue enhances, rather than 
suppresses, the expression of cholinergic properties (Reichardt and 
Patterson, 1977) and transection of the postganglionic trunk (axotomy) 
(coupled with NGF treatment to ensure neuronal survival) does not alter 
the adrenergic character of the SCG in vivo (Hill and Hendry, personal 
communication). Furthermore, NGF, which mediates many of the known 
interactions between sympathetic neurones and their target tissues
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(see Chapter 1), cannot prevent the development of cholinergic 
properties in vitro. Indeed, NGF appears to exert its trophic influences 
on both adrenergic and cholinergic neurones in vitro (Hill and Hendry, 
1977; Chun and Patterson, 1977b).
Although the absence of pre- or postsynaptic influences is not 
responsible for the altered development in vitro, the evidence to date 
cannot exclude an involvement of such influences in the induction or 
determination of transmitter function in sympathetic neurones in vivo.
The influence of circulating hormones on the developing SCG have 
not yet been studied. This chapter is concerned with the influence of 
circulating hormones on the induction and determination of transmitter
type of the SCG.
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Results
A. Effect of serum on SCG phenotype in vitro
Increasing concentrations of rat serum in the culture medium 
decreased both CAT and TH levels, with the decrease in CAT activity 
being much greater than that of TH. Thus, the ratio of CAT to TH, a 
measure of the relative expression of cholinergic to adrenergic 
phenotype, decreased significantly with increasing concentrations of 
rat serum (Table 5.1), suggesting a circulating hormone may be involved 
in the specification of transmitter type of the SCG.
B. Influence of steroids on SCG phenotype in vitro
The synthetic glucocorticosteroid dexamethasone caused a dose-
related increase in the activity of TH and a corresponding decrease in
CAT activity (Figure 5.1A). The ratio of CAT to TH decreased with
-7increasing dexamethasone concentration, reaching a minimum at 10 M 
dexamethasone (Figure 5.IB). The naturally occurring glucocorticosteroid, 
corticosterone, had a similar effect to dexamethasone and at a 
concentration of 10 resulted in a CAT to TH ratio which was 
comparable to that observed in decentralised ganglia in vivo (Table 5.2).
The development of cholinergic properties in SCG was not antagonised 
by 17-ß-estradiol, progesterone or testosterone, at their physiological 
plasma levels for neonatal rats (Dohler and Wuttke, 1975) (Table 5.3), 
or at a concentration of 10 (Table 5.4).
C. Determination of SCG in vitro
SCG which were initially cultured in dexamethasone for either 7 
or 14 days and then cultured in control medium for a further 14 days 
had significantly less CAT and more TH than ganglia cultured in control
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medium for a comparable period (Table 5.5A). Conversely, ganglia which 
were initially cultured in control medium for either 7 or 14 days and 
then cultured in dexamethasone for a further 14 days had higher CAT and 
lower TH levels than ganglia cultured for a comparable period in 
dexamethasone (Table 5.5B).
D. Effect of glucocorticosteroids on SCG phenotype in vivo
Various surgical and pharmacological manipulations were performed 
on neonatal rats to reduce or to antagonise serum corticosterone in 
order to examine whether the phenotype of the SCG was influenced by 
glucocorticosteroids in vivo. Neither removal of the adrenal gland 
(adrenalectomy) (Table 5.6) nor administration of large doses of 
progesterone (Table 5.7) resulted in the development of a cholinergic 
SCG. Furthermore, administration of progesterone to neonatal rats, in 
which the SCG had been decentralised, did not alter the adrenergic 
phenotype of their SCG (Table 5.7).
129
TABLE 5.1 Effect of rat serum concentration on the activity of choline 







nmole x h ^x ganglion *
Tyrosine hydroxylase 
nmole xh  ^x ganglion * CAT : TH
10 1967 ± 185 447 ± 26 4.39 ± 0.28
20 1375 ± 373 398 ± 53 3.11± 0.59
50 74 ± 34* 141 ± 20* 0.41± 0.17*
SCG from 3 day old rats were cultured in control medium, 
lacking foetal calf serum but supplemented with rat serum, for 14 days 
and the activities of CAT and TH then measured. Points are means ± 
standard error of mean of six ganglia.
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TABLE 5.5A Effect of a preliminary culture in dexamethasone on the 
transmitter type of the superior cervical ganglion 
cultured in control medium.
Culture period Choline Tyrosine
days acetyltransferase hydroxylase
+ Dexamethasone - Dexamethasone pmole ,-1x h x ganglion *
0 0-14 1116 ± 219 96± 4 (5)
0-14 0 233 ± 56* 403± 67*(6)
0 0-21 767 ± 95 205 ± 27 (6)
0-7 8-21 143 ± 10* 556 ± 57* (5)
0 0-28 483 ± 218 40± 13 (4)
0-14 15-28 289 ± 60 179 ± 23*(5)
SCG from 2 day old rats were cultured in DMEM-HCO^, with or with­
out dexamethasone (10 ^M), for the period indicated, and the activities 
of CAT and TH then measured. Points are means ± standard error of 
mean with the number of ganglia used in parentheses.
* significantly different to ganglia cultured in control medium for a 
comparable period p<0.01.
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TABLE 5.5B Effect of a preliminary culture in control medium on the 
ability of dexamethasone to alter the transmitter type of 
of the superior cervical ganglion.
Culture period 
days
- Dexamethasone + Dexamethasone
Choline
acetyltransferase 




0 0-14 233 ± 56 403 ± 67 (6)
0-14 0 1116 ± 219* 96± 4*(5)
0 0-21 113 ± 27 778 ± 57 (6)
0-7 8-21 417 ± 45* 589 155 (4)
0 0-28 332 ± 73 234 ± 38 (5)
0-14 15-28 589 ± 198 162 ± 22 (6)
SCG from 2 day old rats were cultured in DMEM-HCO^ , with or with-
— ^out dexamethasone (10 M),for the period indicated, and the activities
of CAT and TH 
mean with the
then measured. Points 
number of ganglia used
are means ± standard error of 
in parentheses.
* significantly different to ganglia cultured in medium supplemented 
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Effect of dexamethasone on enzyme activities in cultured superior 
cervical ganglia.
A. Effect on tyrosine hydroxylase (•) and choline 
acetyltransferase (o) levels.
B. Effect on the ratio of choline acetyltransferase to 
tyrosine hydroxylase activities.
Activities are expressed as a percentage of those of ganglia 
grown in the absence of dexamethasone. Points are means ± 



























If a circulating hormone is involved in the induction or 
determination of the SCG then the level of serum in the culture medium 
would be expected to influence the transmitter type of the SCG in vitro. 
Such an influence was observed, as high levels of serum in the culture 
medium significantly decreased the level of CAT, relative to that of 
TH, in cultured SCG.
As glucocorticosteroids modulate the level of neurotransmitter 
synthetic enzymes in the SCG (Otten and Thoenen, 1976a, b) and have been 
reported to change the expression of adrenergic and cholinergic properties 
in a pheochromacytoma cell line (Edgar and Thoenen, 1978), their ability 
to influence the transmitter type of the SCG was examined. Both 
dexamethasone, a glucocorticosteroid agonist, and corticosterone, but 
not other steroids, prevented the development of cholinergic properties 
in cultured SCG. Corticosterone, at the physiological plasma level for 
neonatal rats (10 6M (Redman and Sreebny, 1976)), resulted in a CAT to 
TH ratio in cultured SCG which was comparable to that of decentralised 
ganglia in vivo3 suggesting that circulating corticosterone may be 
influencing the developing SCG in vivo.
Glucocorticosteroids could antagonise the development of 
cholinergic properties in the SCG by selectively destroying cholinergic 
neurones or by decreasing the production or liberation of the factor 
inducing cholinergic properties. Alternatively, it may be acting 
directly on the neurones to either hasten their determination or to 
induce an adrenergic phenotype.
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Once some neurones of the SCG had developed a cholinergic 
phenotype, by a prior incubation in control medium, dexamethasone was 
unable to reverse this change. Thus dexamethasone apparently does 
not selectively destroy cholinergic neurones otherwise the level of 
CAT would have been reduced.
On the basis of studies using dissociated cell culture, which had 
demonstrated that determination was slower in vitro than in vivo3 the 
ability of dexamethasone to hasten the determination of SCG was 
examined. After only 14 days in culture the explanted SCG had lost 
their ability to switch phenotype in response to the addition or removal 
of dexamethasone. This is consistent with dexamethasone acting by 
committing the neurones to the phenotype they are expressing. Thus, 
neurones exposed to dexamethasone while in an adrenergic phenotype 
become determined as adrenergic neurones whereas neurones expressing a 
cholinergic phenotype, due to a prior exposure to a cholinergic inducer, 
become determined in a cholinergic phenotype when exposed to 
dexamethasone.
An alternative explanation of these results is that intact SCG 
become determined within 14 days in vitro3 which is comparable to the 
age at which SCG become determined in vivo (compare Table 5.5 with 
Ross et al. (1977)). If this is so then the slow determination of SCG
! ’> r.
neurones in cell culture is unlikely to be a contributing factor to 
their anomalous cholinergic development.
If glucocorticoids specify or determine the transmitter type of 
the developing SCG in vivo3 then the SCG would be expected to develop 
a cholinergic phenotype in vivo3 in the absence of corticosterone. 
Decreasing the circulating levels of corticosterone in young rats, by 
adrenalectomy, however, did not alter the developmental fate of their
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SCG. As adrenalectomized rats could possibly be supplied with maternal 
steroids, via milk, the effects of a pharmacological reduction of 
glucocorticosteroids was also examined. Injection of large doses of 
progesterone decreases plasma corticosterone levels (Rodier and Kitay, 
1974) and will competitively antagonise the action of remaining 
corticosterone (Kaiser et al,3 1972). Such treatment of neonatal rats 
did not result in the formation of a cholinergic SCG indicating that 
the absence of a glucocorticoid is not the only reason for the difference 
between in vivo and in vitro development.
The difference between in vivo and in vitro development was also 
not due to the combined effect of depolarisation and glucocorticosteroids 
as decentralisation of the SCG of progesterone treated rats did not 
result in the formation of a cholinergic ganglion. Whether such a treat­
ment slows the determination of the SCG needs to be examined.
The in vivo and in vitro environments differ in several respects, 
and it is probably a combination of these which are responsible for 
the differences in the development of the SCG in vivo and in vitro. A 
lack of preganglionic input and circulating glucocorticoids in vitro 
are partially, but not totally, responsible for the anomalous 
cholinergic development. The lack of cholinergic development in vivo 
may also be due either to the failure of cells to release the 
’cholinergic' factor or to the maintenance of only a sub-threshold 
concentration of factor within the ganglion as a result of the 
circulation. Alternatively, the SCG may be exposed in vivo to an 
additional factor which contributes to the determination or adrenergic




During the later stages of neuronal development the maturation 
and survival of a neurone is dependent on an interaction with its 
target tissue. The ability of NGF to substitute for sympathetic 
target tissues suggested that the interaction between a neurone and 
its target tissue was mediated by a single factor. Recent tissue 
culture studies suggest, however, that this may not always be the case.
In this thesis the development of the ciliary ganglion in vitro was 
shown to be influenced by at least two factors, one of which induced 
fibre outgrowth but did not maintain CAT, whereas the other had the 
reverse specificity. Furthermore, fibre outgrowth is now known to be 
induced from DRG and SCG by another factor, in addition to NGF. Thus, 
the interaction between a neurone and its target tissue may involve more 
than one factor.
The action of any one factor need not be restricted to one class 
of neurone. NGF affects both sympathetic and sensory neurones and the 
factor inducing fibre outgrowth from the ciliary ganglion is possibly 
also affecting sympathetic and sensory neurones. In contrast to the 
lack of specificity of these two factors, the factor maintaining CAT 
in ciliary ganglia appears to be without effect on either sympathetic 
or sensory neurones.
In summary, neuronal development is influenced by a multitude of 
factors. An understanding of the biological significance and 
mechanism of action of each factor awaits its purification. Once 
purified factors are available the important questions to be studied 
are the conditions under, and mechanisms by which, the various tissues 
release these factors, the mechanism by which information is transferred 
from the periphery to the perikaryon and the elucidation of which factors 
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